This paper reviews the device physics and technology of optoelectronic devices based on semiconductors of the GaN family, operating in the spectral regions from deep UV to Terahertz. Such devices include LEDs, lasers, detectors, electroabsorption modulators and devices based on intersubband transitions in AlGaN quantum wells (QWs). After a brief history of the development of the field, we describe how the unique crystal structure, chemical bonding, and resulting spontaneous and piezoelectric polarizations in heterostructures affect the design, fabrication and performance of devices based on these materials. The heteroepitaxial growth and the formation and role of extended defects are addressed. The role of the chemical bonding in the formation of metallic contacts to this class of materials is also addressed. A detailed discussion is then presented on potential origins of the high performance of blue LEDs and poorer performance of green LEDs (green gap), as well as of the efficiency reduction of both blue and green LEDs at high injection current (efficiency droop). The relatively poor performance of deep-UV LEDs based on AlGaN alloys and methods to address the materials issues responsible are similarly addressed. Other devices whose state-of-the-art performance and materials-related issues are reviewed include violet-blue lasers, 'visible blind' and 'solar blind' detectors based on photoconductive and photovoltaic designs, and electroabsorption modulators based on bulk GaN or GaN/AlGaN QWs. Finally, we describe the basic physics of intersubband transitions in AlGaN QWs, and their applications to near-infrared and terahertz devices.
Introduction and brief history of the field
Over the past 40 years a new family of semiconductors, consisting of the binary compounds InN, GaN, AlN and their alloys, has emerged as one of the most important classes of semiconductor materials. All these materials are direct band gap semiconductors and, as shown schematically in figure 1, their energy gaps range from the near infrared for InN (E g = 0.7 eV) to near UV for GaN (E g = 3.4 eV) and to deep UV for AlN (E g = 6.2 eV). As discussed in detail in section 3 these materials can be grown heteroepitaxially on a number of substrates and can also be doped n-and p-type. Furthermore, they were found to have some unique physical and chemical properties. Specifically, GaN has bonds considerably shorter (~20%) than most semiconductors, has large ionicity, has high hardness and thermal conductivity, it is radiation hard and exhibits chemical resistance to attack by acids and bases.
Thus, these materials are ideally suited for a broad range of applications as illustrated in table 1. Some of the device applications described in this table have already been implemented in our current technology. For example, full color displays based on red, green and blue LEDs, are used extensively for outdoor and automotive applications as well as in displays such as TV and portable electronic devices. In parallel the introduction of solid state lighting for general illumination is advancing rapidly worldwide and its full implementation will have significant economic and environmental benefits to the society. Also, the development of violet-blue lasers has impacted very significantly the field of optical recording for information storage.
In addition to visible LEDs and lasers, which are based on InGaN alloys, significant research effort is currently being devoted to the development of UV optoelectronic devices based on AlGaN alloys. These alloys are well suited for such devices because their energy gap can be tuned by changing the alloy composition to cover the entire UV spectral region Progress has also been made in developing electronic devices for high frequency, power, and temperature applications. Furthermore, due to their piezoelectric nature these materials are being investigated for the development of sensors based on micro-electro-mechanical systems (MEMS). The growth and properties of these materials have been discussed in a number of books and reviews [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] .
Gallium nitride (GaN) was synthesized for the first time by Juza and Hahn [17] in 1938 by the reaction of ammonia with hot gallium. This method produced small needles and platelets, which were sufficient to study the crystal structure and determine the lattice constant of GaN. Grimmeiss and Koelmans [18] in 1959 used the same method of growth and produced small crystals of GaN and were able to measure their photoluminescence (PL) spectra. Maruska and Tietjen [19] in 1969 used the hydride vapor phase epitaxy (HVPE) method to produce large area thin film GaN crystals on sapphire substrates. GaN films produced at that time were heavily doped n-type even though n-dopant impurities were not intentionally incorporated into the films. This n-type autodoping was attributed by the authors to nitrogen vacancies. However, Seifert and co-workers [20] in 1983 have produced exper imental evidence that the n-type auto-doping is due to accidental incorporation of oxygen, which acts as a donor.
Following these initial developments, Pankove and coworkers [21] were able to incorporate zinc (Zn) during growth of GaN by HVPE and produced semi-insulating GaN films due to compensation of the n-dopants. This led to the fabrication of the first GaN LED having the device form M-i-n, where M is a metal. Subsequently, Maruska and co-workers [22] were able to form M-i-n GaN diodes, emitting violet light, by producing the semi-insulating i-layer using magnesium (Mg) as a compensating p-type dopant. These accomplishments led to a flurry of scientific activity in a number of laboratories worldwide. However, the inability to form conductive p-type GaN prohibited the exploitation of this new material for the fabrication of efficient LEDs and other types of devices.
One major problem in the development of devices based on this class of materials is the lack of III-nitride substrates for homoepitaxial growth of devices. Thus, the great majority of work reported in the last 40 years dealt with the heteroepitaxial growth of GaN on various foreign substrates. An important development in the late 1980s and early 1990s was the improvement in the heteroepitaxial growth of GaN which led to atomically smooth films, that were able to be doped intentionally n-or p-type by incorporating Si or Mg respectively during film growth. This was accomplished by implementing novel nucleation steps prior to the growth of the epitaxial GaN films. Such nucleation steps included the nitridation of the sapphire substrate, followed by the growth of defective low temperature AlN or GaN buffer layers. The nitridation of sapphire was developed by the Boston University group and involved the conversion of the surface of sapphire from Al 2 O 3 to AlN by exposing the surface to activated nitrogen produced either by a nitrogen plasma or by thermal cracking of ammonia [23, 24] . The AlN buffer was developed by Amano et al [25] and the GaN buffer was developed independently by the Boston University group [23, 24, [26] [27] [28] and Nakamura [29] using the molecular beam epitaxy (MBE) and the metal organic chemical vapor deposition (MOCVD) methods respectively. These nucleation steps facilitated the epitaxial growth and led to the annihilation of some of the threading defects during the growth of the device layers at higher temperatures.
The second major obstacle in the development of these materials was the p-type doping. In late 1980s Amano et al [30] were able to demonstrate p-type doping in GaN. Specifically, these authors were investigating the cathodoluminescence (CL) of GaN:Zn films and observed that the CL efficiency increased by two orders of magnitude upon exposure of the sample to low energy electron beam irradiation (LEEBI). Hall Effect measurements on GaN:Mg samples after the LEEBI treatment indicated that the films were p-type and conducting. It was also observed by Amano et al [31] that the high p-type conductivity extended only to 0.3 µm deep, which was the penetration depth of the electron beam.
This result was accounted for by van Vechten et al [32] , who proposed that the shallow acceptor levels of Mg were compensated by hydrogen atoms through the formation of complexes with Mg. A similar model has earlier been proposed by Pankove et al [33] and Moustakas [34] to account for the de-activation of p-type dopants in crystalline and amorphous Si respectively upon incorporation of hydrogen into the lattice. The energy of the electron beam in the LEEBI experiment releases hydrogen from the complex and the Mg becomes shallow acceptor approximately 0.16 eV above the valence band [35] .
Nakamura et al [36] demonstrated that p-type conductivity can also be obtained by annealing the GaN:Mg films above 750 °C in nitrogen atmosphere or vacuum, which is consistent with thermal braking of the Mg-H bonds and hydrogen evolution out of the film. A verification of the role of hydrogen in de-activating p-type dopants was produced by Moustakas and Molnar [37] , who demonstrated for the first time that GaN:Mg films, grown by MBE in a hydrogen free environment, have a hole concentration of 6 × 10 18 cm −3 without requiring any post growth treatment. Post-hydrogenation of these films by Brand et al [38] with a hydrogen plasma demonstrated the deactivation of the p-type doping.
The development of the aforementioned novel nucleation steps together with the understanding of the p-type doping cleared thetype. The wurtzite structure consists of two hexagonal close packed (hcp) lattices, displaced towards the c-direction (the direction perpendicular to the hexagonal base) by ± 3c/8, where c is the lattice parameter. The wurtzite crystal structure is shown in figure 2(a) [42] . The equilibrium bulk lattice parameters for the three binary compounds as well as other relevant properties are listed in table 2. In all three compounds the ratio of c/a differs slightly from the ideal value of the wurtzite structure of 1.63, implying a certain degree of distortion with respect to the ideal closed-packed arrangement. Figure 2 (b) shows the important crystallographic planes of the wurtzite crystal structure.
Group III-nitrides can also crystallize in the rock-salt and zinc-blende polytypes. The transition to the rock-salt phase only occurs under high pressure [43] [44] [45] , and so technologically it is not an important phase. The zinc-blende structure is metastable and may be stabilized by heteroepitaxial growth on substrates with cubic symmetry [46, 47] . The in-plane symmetry of (0 0 0 1) wurtzite GaN is identical to the symmetry of (1 1 1) zincblend GaN. Furthermore, the cohesive energies of the wurtzite and cubic phases are very similar [48] , allowing the conversion between the two phases to occur easily through the creation of stacking faults of the close packed (0 0 0 1) and (1 1 1) planes. Thus, basal plane stacking faults are abundant in III-nitrides.
The wurtzite crystal structure is not invariant with respect to inversion along the c-direction. Such an operation results in an exchange of group-III atoms with nitrogen atoms and vice versa. This lack of inversion symmetry is referred to as crystallographic polarity or more commonly just 'polarity' [41] , and the c-direction is the polar direction. In GaN, the [0 0 0 1] direction is defined as the direction parallel to the Ga-N bonds pointing towards the nitrogen atoms, as illustrated in [353] .
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figure 2(a), and [0 0 01]-oriented films grown along this direction are referred to as 'Ga-polar'. Similarly, films grown along the [0 0 01] direction are termed 'N-polar'. The two polarities exhibit several different chemical and physical properties, such as differences in resistance to chemical etching or the ability to incorporate impurities [49] . However, it should be stressed that polarity is not a surface property but instead is a bulk property. The control of polarity during growth of III-nitride films is essential for the design and fabrication of electronic and optoelectronic devices. Thus, a number of analytical tools have been developed to determine the polarity of these films. Of these methods the convergent beam electron diffraction (CBED) in transmission electron microscopy (TEM) is the most direct and reliable technique [50] . An alternative method of polarity determination is the chemical etching using KOH or NaOH solutions. Etching of N-polar GaN with KOH leads to faceted surface morphology due to preferential attack of the domain boundaries. The Ga-polarity GaN etches slower due to its higher stability. The relative stability of the Ga-polarity is supported by the observation of faster growth rate in this polarity compared to the N-polarity [50] .
The chemical bond in III-nitrides is covalent, but with a significant ionicity (group III cations and nitrogen anions). A consequence of the partly ionic nature of the chemical bonds between neighboring group-III and N atoms, which as shown in figure 2(a), are aligned along the c-axis of the crystal, together with the slight distortion from the ideal closed-packed arrangement results in a non-zero macroscopic polarization ('spontaneous'). The spontaneous polarization vector points along the [0 0 01] direction, which is parallel to the growth direction for N-polar films, and anti-parallel for Ga-polar films. Biaxial distortion of the crystal due to strain leads to a change in the magnitude of this macroscopic polarization, that is, wurtzite IIInitrides are also piezoelectric. Thus, the piezo electric polarization is the induced change in the spontaneous polarization [51] . These issues are discussed in more detail in section 4 below.
Heteroepitaxial growth
Historically, one major problem in the development of electronic and optoelectronic devices out of this class of materials has been the lack of III-nitride substrates to grow the devices homoepitaxially. Thus, the great majority of the reported devices were grown heteroepitaxially on foreign substrates such as sapphire, SiC and Si. Currently there is a significant effort to form bulk GaN and AlN crystals by a variety of methods, and the development of quasi-GaN substrates by growing thick GaN films on foreign substrates and then separating them from the substrate.
The heteroepitaxial growth of III-nitride films and devices has been investigated using several growth techniques. These includes hydride vapor phase epitaxy (HVPE), metalorganic chemical vapor deposition (MOCVD), molecular beam epitaxy (MBE), pulsed laser deposition (PLD), and physical vapor deposition (PVD). Of these, the former three are the most popular methods.
Several researchers have used crystallographic models to explain the epitaxial relation between the nitride epilayers and the (0 0 0 1) sapphire [52] [53] [54] [55] . Lei and co-workers [52] projected the (0 0 0 1) basal planes of sapphire, GaN and AlN (see figure 3 ) and have shown that GaN and AlN grow with 30° rotation with respect to the sapphire unit cell, with an orientation relationship:
The lattice mismatch between sapphire and GaN, as calculated from this projection, is +16%, in close agreement with the experimentally measured value by x-ray diffraction [52] or electron microscopy [56] . It should be noted that without this rotation in the orientation the lattice mismatch between GaN and (0 0 0 1) sapphire would have been -34%.
This type of epitaxial relationship between all three binary nitrides and (0 0 0 1) sapphire is illustrated clearly in figure 4 [57] . If the GaN, AlN and InN were grown with the orientation [1 1 -2 0] sapphire // [1 1 -2 0] GaN , they would have been under tensile stress with the indicated in the figure lattice mismatch. On the other hand if the nitrides grow with 30° rotation with respect to the sapphire unit cell, the films will be under compression with significantly smaller lattice mismatch for the AlN and GaN. The lattice mismatch of the InN on the other hand is about the same with and without the 30º rotation. Thus, direct growth of InN on sapphire is likely to lead to domains of both orientations. The solution to this problem is to convert the surface of sapphire from Al 2 O 3 to AlN, a process known as nitridation [23, 24] , followed by the growth of a thin GaN or AlN template and then deposit the InN film. In this case the InN grows compressively with a lattice mismatch of 11% or 14% respectively. Growth of InN using this approach has led to high crystalline quality InN films [58] .
Epitaxial thin film growth in general can be categorized into one of three modes [59] : (i) Frank-Van der Merwe mode or layer-by-layer growth mode, (ii) Volmer-Weber mode or island growth mode and (iii) Stranski-Krastanov mode or layer-bylayer followed by island growth mode. The mode of nucleation and growth is determined by the interfacial free energy between the three surfaces: substrate (s), deposit (d), and vapor (v). Under equilibrium conditions the deposit forms a hemispherical cap on the substrate with a contact angle θ given by [60] ,
where σ ij is the interfacial free energy between the two surfaces i and j. In the case of homoepitaxy, since the substrate and the deposit have the same structure, σ sd = 0 and σ sv = σ dv . Thus, the contact angle is zero and growth occurs in the layer-by-layer or Frank-Van der Merwe mode. In the case of heteroepitaxy, the contact angle has a non-zero value, complicating the growth. Thus, in the presence of lattice mismatch between the substrate and the deposit, layer-by layer growth is never the equilibrium morphology, but is metastable with respect to cluster (island) formation. This is illustrated in figure 5(a), which shows a scanning electron microscopy (SEM) image of the early stages of nucleation of GaN on (0 0 0 1) sapphire [61] . It is apparent from these data that the nucleation of these films proceed through the formation and coalescence of hexagonal islands as schematically shown in figure 5(b) . Continuing growth should lead to a material with columnar microstructure.
In general, the brittle to ductile transition in crystals occurs at about half of the melting temperature of the material. Above that temperature stress relaxation occurs by dislocation generation and glide. In GaN, for example, this transition is expected to occur at about 1400 K. Since GaN and its alloys are generally grown at lower temperatures (in particular by MBE), one expects that the hexagonal islands in figure 5 (a) to be coherent to the substrate [61] at thicknesses well beyond the Mathews critical thickness [62] . Indeed Akasaki and Amano reported that AlGaN films (several thousand angstroms thick) and InGaN films (several hundred angstrom thick) are coherent to GaN templates [63] . Similarly, Okumura et al reported that 7000 Å thick AlN was grown coherently on 6H-SiC, even [57] . Reproduced with permission from [57] . © 2004 American Vacuum Society. Thus, a key materials issue is the heteroepitaxial nucleation of the nitride films is the high dislocation density in the films. The epitaxial growth of these materials is further complicated by the existence of a metastable zincblende structure in addition to the stable wurtzite structure. As discussed in section 2, the cohesive energies of these two structures are very similar, allowing conversion between the two phases to occur easily, mainly by creation of stacking faults on the close packed (0 0 0 1) and (1 1 1) planes [52, 56] . Extrinsic stresses associated with thermal mismatch between substrate and film as well as intrinsic stresses associated with island coalescence, grain growth and surface stresses are also important.
To address some of the problems, related to the heteroepitaxial growth, a number of nucleation steps have been developed for the growth of III-nitrides on various substrates. For example, growth on (0 0 0 1) sapphire by both MBE and MOCVD involves the nucleation steps of sapphire nitridation [23, 24, [65] [66] [67] [68] [69] [70] [71] [72] and a low temperature GaN [23, 24, [26] [27] [28] [29] or AlN buffer [25] . It is commonly agreed that a nitridated sapphire surface facilitates the growth of smooth and relaxed GaN films, leading to reduction in inversion domain boundaries and improved optoelectronic properties [71, 72] . The GaN or AlN low temperature buffer layers are generally polycrystalline and rough with a very high density of defects including stacking faults and grain boundaries. In addition the buffer layer consists of a mixture of hexagonal and cubic phases of GaN [73, 74] . It is believed that the polycrystalline buffer accommodates the stress from the large lattice mismatch and reduces the propagation of defects generated at the interface by destructive interference and annihilation, thus reducing the dislocation density. Wu et al [75] reported that annealing of the buffer to the growth temperature results in partial conversion of zincblende GaN to wurtzite GaN. Keller et al [76] reported grain coarsening upon annealing and concluded that optimization of both the deposition and the re-crystallization parameters are important. The two nucleation steps (nitridation and buffer) play also an important role in determining the polarity of the nitride films [77] . The employment of a defective low temperature GaN buffer facilitates the annihilation of threading defects as the film grows thicker. This is illustrated in figure 6 , which shows the TEM cross-section image of a GaN film grown on a (0 0 0 1) sapphire substrate subjected first to the two nucleation steps of nitridation and low temper ature GaN buffer [61] . In recent years in addition to the aforementioned nucleation steps patterning of the sapphire substrate has led to additional reduction in the concentration of the threading defects in heteroepitaxially grown III-nitride films on sapphire [78] [79] [80] .
Polarization effects
A distinctive property of nitride semiconductors, which has important effects on the electronic, transport, and optical properties of heterostructures, is the presence of strong spontaneous and piezoelectric polarizations [81] [82] [83] . These internal fields are a consequence of the partly ionic nature of the chemical bonds between neighboring group-III (cation) and N (anion) atoms, and are aligned along the c-axis of the crystal. In the case of zincblende materials (such as typical As-based semiconductors), the cation and anion sublattices are arranged in such a way that in the absence of strain there is no net internal polarization. In contrast, in nitride semiconductors based on the wurtzite crystal structure, a relative shift of the sublattices with respect to the ideal closed-packed arrangement exists that produces a large spontaneous (pyroelectric) polarization. In both crystal types, a net piezo electric polarization is also introduced through the application of strain, due to the resulting relative displacement of neighboring atoms.
The orientation of both spontaneous and piezoelectric polarizations along the c-axis depends on the atomic layers sequence in the crystal. As discussed in section 2, atoms in the wurtzite structure are arranged in alternating hexagonal layers perpendicular to the c-axis, containing cations and anions, respectively. Assuming growth along the c-direction, if each group-III atom is stacked directly above a N atom, the crystal is said to have N-face polarity. In this case, the spontaneous polarization field P SP points away from the substrate towards the top surface of the epitaxial layer, in what will be taken here as the positive z-direction, i.e. P SP = P SP Z with P SP > 0. The opposite layer sequence is referred to as Ga-face in the case of GaN (and similarly for AlN and InN), and it results in a spontaneous polarization field in the negative z-direction. In general, both orientations can be synthesized depending on the growth conditions, although most nitride crystals nowadays are formed with group-III-face polarity. Regarding the magnitude of P SP , it increases with increasing deviation of the unstrained crystal structure from the ideal closed-packed arrangement, i.e. in going from GaN to InN to AlN.
The piezoelectric polarization field P PE = P PE Z depends on the nonzero elements of the tensor describing the strain state of the crystal. Assuming pseudomorphic growth along the c-axis (i.e. the z-direction), these are [84] 
where a 0 and a are the equilibrium and strained values of the in-plane lattice constant, respectively (the latter being determined by the composition of the growth template), and C 13 and C 33 are elastic constants. By definition of the piezoelectric coefficients e ij , P PE is then given by [84] 
where the plus and minus signs refer to group-III-and N-face polarity, respectively. It should be noted that in GaN, InN, AlN, and related alloys the quantity in parentheses in equation (4.2) is negative, so that under group-III-face conditions P PE is negative for tensile and positive for compressive strain (and vice versa in the N-face case). The orientations and relative magnitudes of P SP and P PE are illustrated in figure 7 for various combinations of layer and template compositions and polarity. All the material parameters required to compute these polarizations fields can be found, e.g. in [85] . The composition dependence and large magnitude of P SP and P PE play an important role in the optoelectronic device physics of nitride semiconductors, due to the associated polarization charge distributions. In general, any discontinuous change ΔP in the normal component of the polarization across an interface is equivalent to a surface charge distribution of density σ P = -ΔP, and therefore results in the formation of an electrostatic field perpendicular to the interface. In the case of bulk crystals with uniform composition, such polarization charges only exist on the free surfaces, where they can be effectively neutralized by the mobile charges present in the atmosphere. In contrast, in heterostructures polarization charges are also induced on each heterojunction, where they can produce large internal electric fields which in turn can strongly bend the conduction-and valence-band edges near the interface. Referring to the geometry of figure 7, σ P is positive if the net polarization density P = P SP + P PE decreases (in absolute value and sign) upon crossing the interface in the positive z-direction, and vice versa; some examples are shown in the figure. When the polarization charge distribution is positive, it can be partly compensated by available conductionband electrons in the crystal, leading to the formation of a 2D electron gas. Similarly, a 2D hole gas can be created when σ P < 0. These effects are widely exploited in the development of GaN-based high electron mobility transistors (HEMTs) providing excellent high-speed and high-power performance.
The electric fields produced by the polarization charges in heterostructures can be computed using simple electrostatic arguments (i.e. by requiring conservation of the electric displacement flux across each interface), together with an appropriate set of boundary conditions. Here we consider the important case of multiple-quantum-well (MQW) structures, which are used routinely in most optoelectronic device applications considered in this article. The well and barrier materials could be for example GaN and AlGaN (or InGaN and GaN), and their properties will be denoted by the subscripts w and b, respectively. Continuity of the displacement flux across each interface requires that ε w F w + P w = ε b F b + P b , where the symbols F and ε indicate the built-in electric fields and the permittivities, respectively. A simple analytical solution for F w and F b can be obtained in the limit of an infinitely periodic structure, where the intrinsic voltage drop across each well/ barrier pair must be zero, i.e. F w L w + F b L b = 0 (L being the layer thickness). Combining these two equations gives
for the polarization-induced built-in electric field in the well layers. The same expression with the subscripts w and b interchanged applies to F b . A schematic illustration of the resulting conduction-and valence-band lineups of a generic Ga-face GaN/AlGaN MQW structure is shown in figure 8 . As clearly seen in this figure, the band edges in the well and barrier layers are strongly tilted (in opposite directions) due to the polarization-induced built-in electric fields. Very large values of up to a few MV cm −1 are typically computed for these fields in c-plane nitride heterostructures. As a result, the energy minima and envelope functions of all subbands supported by the QWs are strongly modified relative to the ideal flat-band case (i.e. for F w = F b = 0) through the quantum-confined Stark effect. In particular, the energy separation between the ground-state conduction and valence subbands, which determines the operating wavelength of interband optoelectronic devices, is substantially red-shifted by F w . Furthermore, the envelope functions of these conduction and valence subbands become more tightly localized near opposite sidewalls of each well. This phenomenon is illustrated in figure 8 , where the squared envelope functions of the ground-state conduction and valence subbands are also plotted (referenced to their respective energy levels). As a result, the mutual overlap between these electron and hole wavefunctions is decreased (again compared to the ideal flat-band case), leading to reduced interband oscillator strengths and hence reduced absorption, spontaneous-emission, and gain coefficients.
Finally, it should be noted that a more accurate description of polarization phenomena in nitride heterostructures requires more realistic boundary conditions (to account for the finite number of QWs in practical structures), and the inclusion of space charge effects due to the available mobile electrons and holes. The latter effects can be modeled through the self-consistent solution of the Schrödinger and Poisson equations including the polarization-induced interface charge distributions. The main conclusions described in the previous paragraph remain valid even with this more realistic description, although the built-in electric fields can be partly screened in the presence of high carrier densities.
Device fabrication
The fabrication of optoelectronic devices requires the formation of Ohmic contacts with low contact resistivity. The choice of such contacts depends sensitively on the position of the intrinsic surface states in the energy gap of the semiconductor. As first was pointed out by Shockley, the position of such states in semiconductors and insulators depends strongly on the ionicity of the chemical bond between their atoms [86] . For covalent materials, with large overlap between adjacent atoms, the surface states occur in a narrow half-filled band near the center of the energy gap. However, in ionic mat erials, with small overlap between adjacent atoms, the surface states have moved towards the band edges, and therefore the surface Fermi level is unpinned. The chemical bond in III-nitrides is covalent, but with a significant ionicity. Thus, one expects that the intrinsic surface states due to dangling bonds to have moved towards the band edges [61] . Such result has been confirmed for GaN experimentally by Dhesi et al [87] and Ryan et al [88] , using angle resolved photoemission spectroscopy.
Since the surface Fermi level of clean GaN surface is unpinned, Ohmic contacts and Schottky barriers can be formed to these materials by proper choice of the metal work function. For example, to form Ohmic contacts to n-GaN and its alloys one has to use metals with low work function [89] . Also to form Ohmic contacts to p-GaN and its alloys one has to use metals with high work function. Specifically, for ionic semiconductors the barrier height (Φ) of a metal in intimate contact with the surface of the semiconductor should be proportional to the work function (W) of the metal. This should be contrasted with covalent semiconductors in which the barrier height of metals in intimate contact with the surface of the semiconductor is independent of the workfunction of the metal.
In a series of papers the Caltech group had verified these predictions by measuring the barrier heights of metals deposited in ultrahigh vacuum on cleaved surfaces of a number of n-type semiconductors [90] [91] [92] [93] [94] . Kurtin and co-workers [94] established for the first time that if the crystalline solids are ordered by some measure of their bond ionicity, then many electronic properties follow a universal abrupt transition between the covalently and ionically bonded materials. In their discussion these authors have adapted the Pauling ionicity scale [95] , and have considered the difference in electronegativity (ΔX) of the two constituents of a binary compound as an approximate measure of the ionicity of the compound. Figure 9 shows that the dependence of the derivative dΦ/dW as a function of the electronegativity difference (ΔX) of the investigated compounds. The results indicate an abrupt transition between covalent and ionic semiconductors.
Foresi and Moustakas [89] have investigated metal contacts to GaN and found that there is a direct correlation between barrier height and work function of the metal. Figure 9 , which was first reported in [94] , was modified by Moustakas [61] to include the Nitride semiconductors, using their electronegativity difference in the Pauling scale. This puts the nitride semiconductors above the knee of the curve, implying that Schottky barriers on these semiconductors should have barrier heights which depend directly on the work function difference between the metal and the semiconductor.
The electron affinity of GaN was measure to be 4.1 eV [96] . Therefore, any metal with a work function equal to or lower than 4.1 eV should form essentially Ohmic contacts to n-GaN and any metal with a work function higher should form a rectifying contact to n-GaN. In the original paper Foresi and Moustakas [89] have chosen Al to form an Ohmic contact to n-GaN, since its work function is 4.08 eV [97] . However, these authors have observed that the contact resistivity increases upon annealing, a result attributed to the formation of a thin interfacial layer of AlN. To address this problem these authors had proposed the incorporation of a thin transition metal layer (e.g. Ti or Cr) between Al and GaN to act as a diffusion barrier. Today a multi-stack of Ti/Al/Ti (or Ni)/Au, annealed to 800-900 °C is used universally to form Ohmic contact to n-GaN [98] .
Since the valence band of GaN is about 7.0 eV below the vacuum, to contact p-GaN films one has to use high work function metals. Such metals are, for example, Au, Pd and Pt [97] . However, because Au has the tendency to diffuse and introduce states in the gap of GaN it was recommended to insert again a thin transition metal film between Au and GaN to act as a diffusion barrier [89] . Today Ni/Au annealed at about 500 °C is used universally to form an Ohmic contact to p-GaN.
The same combination of metal stacks used to form Ohmic contacts to GaN can also be used to form Ohmic contacts to nand p-InGaN alloys, since these alloys have a smaller energy gap than GaN. However, for AlGaN alloys the electron affinity is expected to decrease as the AlN mole fraction increase. Thus, Ohmic contacts to n-AlGaN require metals with work function less than 4.0 eV. Due to the lack of conducting metals with low work function, the problem of forming Ohmic contacts to n-AlGaN becomes challenging. Indeed, it was shown that using the traditional metal contact schemes of Ti/ Al/Ti/Au, one can form good Ohmic contacts to n-AlGaN only up to about 20% AlN mole fraction [99] . Other workers have demonstrated that vanadium-based contacts can form good Ohmic contacts to n-GaN [100, 101] and also to n-AlGaN [102] [103] [104] .
France et al [103] demonstrated the formation of Ohmic contacts to n-AlGaN over the entire alloy composition utilizing vanadium-based contacts in the form V(15 nm)/ Al(80 nm)/V(20 nm)/Au(100 nm). As shown in figure 10, these authors have found, that the formation of Ohmic contacts using this metallization scheme, requires progressively higher annealing temperature as the AlN mole fraction in the AlGaN alloys increases. The data of figure 10 suggest that the mechanism by which V-based schemes form Ohmic contact to the III-nitride semiconductors is through reaction between vanadium and the nitride film, which leads to the formation of vanadium nitride. Since the Al-N bonds are stronger than the Ga-N bonds, one expects that reaction between vanadium and nitrogen should occur at higher temperatures as the AlN mole fraction increases. Schweitz and Mohney studied the phase equilibria in transition metal-Al-N system and suggested that vanadium nitride (VN) is a thermodynamically favored form of V contacts on AlGaN at 600 °C [105] . It is also known that VN is a low work function metal (3.56 eV) [106] . Song et al [100] have shown that upon annealing at temperatures higher than 600 °C, other phases of vanadium nitride are also formed, which potentially may have even smaller work functions. Also, further doping of the sample by the nitrogen vacancies created upon VN formation may also contribute to the low contact resistivity. Pookpanratana et al have investigated the microstructure, intermixing and chemical structure of such vanadium-based contacts to n-GaN and n-AlN before and after rapid thermal annealing [107] [108] [109] .
The specific contact resistivity of such vanadium-based contacts to n-AlGaN films versus AlN mole fraction was reported by France et al [103] and the results are shown in figure 11 . According to these data the specific contact resistivity has a value of 10 −6 Ω · cm 2 , for AlGaN films with AlN mole fraction up to 70% and increases to 1 Ω · cm 2 in pure AlN. This predictive facility of making metal contacts to nitride semiconductors has accelerated the development of their optoelectronic devices.
Light emitting diodes
Following the discovery of the novel nucleation steps for the heteroepitaxial growth of GaN in late 1980s and early 1990s, which led to atomically smooth GaN films capable of intentional n-and p-type doping, Nakamura and co-workers [39, 110, 111] reported the development of bright blue-green LEDs followed by the commercialization of these devices by Nichia Corp.
As discussed previously the III-nitride materials are direct band gap semiconductors and thus, are suitable to form LEDs from the near IR to deep UV. Such devices are usually grown heteroepitaxially on (0 0 0 1) sapphire or 6H-SiC substrates. Recently there are also commercialization efforts of developing such LEDs on (1 1 1) Si and bulk GaN wafers. The visible spectrum LEDs are based on InGaN alloys, while the UV LEDs are based on AlGaN alloys.
Visible spectrum LEDs
Excellent reviews on the physics, design, performance and applications of visible spectrum LEDs have been published by Krames et al [112] and by Harbers et al [113] . The semiconductors used in LEDs for solid state lighting are III-V compounds based on InGaN and AlGaInP. The external quantum efficiency (EQE) versus peak wavelength of LEDs, based on these two classes of materials, is shown in figure 12 [112] . These data clearly indicate that the efficiency of LEDs based on both families of materials is reduced from above 50% to less than 20% in the green-yellow part of the electro magnetic spectrum, a phenomenon known as 'green gap'. However, even though the efficiency of green LEDs is poor, such devices are used widely in displays and other applications due to the high light sensitivity of the eye in this spectral region, as indicated by the luminous eye response curve, V(λ), in figure 12. In this article we are addressing only LEDs based on the InGaN materials system.
The EQE of an LED is defined as the product of the internal quantum efficiency (IQE-ratio of generated photons to electrons injected into the LED's contacts) and the extraction efficiency (EXE-the number of photons extracted from the LED versus photons generated in the junction) [112] . The IQE depends sensitively on extended and point defects, which act as non-radiative recombination centers, as well as on the device design, which prevents carriers from escaping from the active region prior to recombination. The EXE depends sensitively on the ability to extract the light from the active region of the device to the free space. Light extraction from an LED chip is generally a challenging problem due to the relatively high index of refraction of these materials and the reader is referred to specialized articles addressing this issue [112] [113] [114] . In the following we address primarily the material issues, which affect the internal quantum efficiency of LEDs based on InGaN alloys.
As discussed by Chichibu et al [115] the IQE efficiency at room temperature can be estimated by the ratio of the photoluminescence intensity at room temperature and that at low temperatures (~10 K). This of course assumes that recombination at low temperatures is 100 % radiative, which is a reasonable assumption. These authors have used this method to estimate the IQE of various AlInGaN alloys and QWs and the results are shown in figure 13 . As seen in these data the IQE of c-plane InGaN QWs increases with the InN mole fraction to a value of about 90% for 15-20 % In and then decreases. Since these materials are highly defective, this extremely high IQE is difficult to rationalize. In the following we discuss the potential sources of this high IQE and the observed decrease of the IQE at InN mole fraction more than 15-20%. . This result is consistent with the ionic bonding in nitride semiconductors as discussed previously. In ionic semiconductors the energy states due to dangling bonds at free surfaces as well as at edge dislocations, which are the plurality of dislocations in GaN, have move towards the band edges, where they act as traps rather than recombination states [61] . The evidence suggest that the screw dislocations, whose density is several orders of magnitude smaller than the edge dislocations, are non-radiative recombination centers [118] .
Other potential sources responsible for the high IQE of InGaN based blue LEDs are band structure potential fluctuation present in these materials, leading to exciton localization, which prevents them from migrating and recombining non-radiatively in point and line defects. A number of authors have attributed the high efficiency of blue LEDs to compositional inhomogeneities in InGaN/GaN QWs due to local phase separation [119] . Also, another source of band structure potential fluctuations is the partial alloy ordering in InGaN alloys [120, 121] .
It has also been suggested that basal plane stacking faults introduce band structure potential fluctuations [61] . As discussed previously III-nitride semiconductors can exist in the stable wurtzite and metastable zincblende structures. The enthalpy of formations of these two allotropic forms differs by only ~10 meV [48] . Since these materials are grown at 1000 K or higher, conversion between the two phases can occur easily by creation of stacking faults on the close packed (0 0 0 1) and (1 1 1) planes. Thus, basal plane stacking faults are abundant in these semiconductors. However, since the basal plane stacking fault in the wurtzite structure is the equivalent of a monolayer of a cubic domain and since the energy band gap of the cubic structure is 0.2 eV smaller than the wurtzite structure [46] , the stacking faults introduce band structure potential fluctuations. Therefore such defects are expected to be beneficial in the performance of an LED, since electron-hole pairs injected in the active region of the LED are localized in such potential fluctuations. This is exactly the opposite in cubic III-V compounds, where a stacking fault is the equivalent of a monolayer of a wurtzite structure with larger energy gap than the matrix.
Potential origins of the 'green gap' and solutions.
The physical origin in the reduction of the IQE as the InN mole fraction in the InGaN/GaN MQWs increases to more than 15-20% is the subject of intense investigation over the past several years [112, [122] [123] [124] [125] [126] [127] [128] [129] . Some authors have attribute this phenomenon to the formation of dislocations in the QWs due to the larger lattice mismatch in the InGaN/GaN QWs as the InN mole fraction in the InGaN increases [125] and others to point defects due to the lower growth temperature required to incorporate higher In percentage [126] . Yet another potential source of the observed reduction in IQE with the InN mole fraction is the increase of the internal electric field in the InGaN/GaN QWs due to spontaneous and piezoelectric polarization [127] . As discussed in section 4, these internal electric fields lead to a distortion of the quantum wells, which reduce the overlap of the wavefunctions of the injected electron-hole pairs (quantum-confined Stark effect) [128, 129] .
Alternative sources for this reduction in IQE are alloying phenomena related to phase separation and partial alloy ordering. At low InN mole fractions these phenomena may be beneficial by introducing band structure potential fluctuations, which lead to exciton localization and thus efficient radiative recombination. However, at high InN mole fraction the InGaN alloys may undergo complete phase separation to its binary compounds. Alternatively, the strain in the InGaN alloys may be relieved through alloy ordering. However, such ordering is partial consisting of domains having an ordered or a random structure with different energy gaps [120, 121, 130] . Based on experimental results and theoretical predictions in AlGaN alloys [131, 132] the energy gaps of the two types of domains may form a type-I heterostructure at low InN mole fraction and convert to type-II heterostructure for high InN mole fraction. In the latter case the injected electron-hole pairs become physically separated resulting in reduction of radiative recombination rate [131] .
A number of approaches have been propose in order to improve the efficiency of green LEDs. One approach is to grow such devices on non-polar or semi-polar planes in order to eliminate/minimize the quantum-confined Stark effect in the InGaN/GaN QWs [133] . However, issues related to the thermodynamic stability of InGaN in such LEDs are still relevant.
An alternative approach is to use InGaN quantum dots (QDs) as the active region of the device. Since phase separation and atomic ordering are stain driven phenomena and since stain in the QDs is relieved due to the large surface area, one would not expect that the InGaN QDs would have a tendency for phase separation or alloy ordering. However, issues related to quantum-confined Stark effect are still relevant. Self-assembled InGaN QDs by the Stranski-Krastanov method have being developed by plasma-assisted [134] and ammonia-source molecular beam epitaxy [135] , as well as metalorganic vaporphase epitaxy [136, 137] methods. InGaN/GaN multi-quantum dot LEDs grown by MOVPE [138] , ammonia-source MBE [139] and plasma-assisted MBE [140] [141] [142] [143] [144] methods have also been reported. Figure 14 (a) shows the electroluminescence spectra of three LEDs, grown by plasma-assisted MBE, and emitting in the blue, green, and red parts of the spectrum [140] . The blue LED, having an active region consisting of 3 In 0.18 Ga 0.82 N/GaN MQWs, has a peak emission at 440 nm with the FWHM of 30 nm under 20 mA injection current. The active regions of the green and the red LEDs are made of 5 periods of InGaN/GaN MQDs with the InGaN composition of 41% and 46%, respectively. The InGaN QD layer height and barrier thickness are 4 nm and 6 nm respectively. As shown in figure 14(a) the peak emission of the green LED is at 560 nm with FWHM of 87 nm while the red LEDs emit at 640 nm with FWHM of 97 nm under 20 mA injection current. Figure 14 (b) illustrates the EL peak position as a function of injection current for the blue, green, and red LEDs. For the blue InGaN/GaN MQW LEDs, the emission photon energy is blue shifted by 24 meV when the injection current increases from 9 to 40 mA. For the green InGaN/GaN MQD LED, the EL peak position is blue shifted by 112 meV as the injection current increases from 26 to 70 mA. For the red InGaN/GaN MQD LED, the emission energy is blue shifted by 127 meV as the injection cur rent increases from 25 to 72 mA. Large blue shift in the EL peak position with increasing injection current for an MOVPE grown blue InGaN/GaN MQD LED was also reported [138] . There are two possible reasons that can be attributed to this large EL blue shift with increase in the injection current in the MQD LEDs: (a) the band-filling effect [145] ; and (b) the screening of the piezoelectric field by the high injection cur rent [146] .
Light-emission efficiency enhancement from InGaN based LEDs can also be obtained by the use of surface plasmon polaritons (SPPs) supported by metallic films or nanostructures [147] [148] [149] [150] [151] [152] [153] [154] . This approach can be treated as a two-step process involving plasmon-enhanced spontaneous emission followed by scattering of the emitted SPPs into radiation [155] . First, energy is transferred from the excited electron-hole pairs in the active layer to the available SPP modes via nearfield electromagnetic coupling. Given the large field enhancements and high densities of modes associated with SPPs, this process can be extremely fast and thus compete favorably with nonradiative recombination mechanisms, thereby leading to enhanced IQE [156] [157] [158] . The key requirements in this respect are near-field proximity between the active layer and the metal surface, and close matching between the emission wavelength and the SPP resonance. Second, the emitted SPPs are extracted via scattering into radiation modes from a suitable geometry providing the required phase matching. As a result of this two-step process, an overall increase in light emission efficiency can be obtained if the SPP extraction efficiency is larger than the emission efficiency in the absence of plasmonic nanostructures.
As an example, Henson et al [154] have used diffractive arrays of silver nanocylinders to increase the radiative efficiency of InGaN/GaN quantum wells emitting at near-green wavelengths. Large enhancements in luminescence intensity (up to a factor of nearly 5) were measured when the array period exceeds the emission wavelength in the semiconductor material. The experimental results and related numerical simulations indicate that the underlying mechanism is a strong resonant coupling between the light-emitting excitons in the quantum wells and the plasmonic lattice resonances of the arrays. These excitations are particularly well suited to lightemission-efficiency enhancement, compared to localized surface plasmon resonances at similar wavelengths, due to their larger scattering efficiency and larger spatial extension across the sample area.
Efficiency droop.
Besides the reduction of the LED efficiency in the green and yellow parts of the spectrum, the efficiency of InGaN-based LEDs is also reduced at high operating currents, a property known as 'efficient droop' [112, [159] [160] [161] [162] . Figure 15 shows the performance of blue and green-emitting high power InGaN/GaN MQW heterostructure thin-film flip-chip (TFFC) LED Lamps [112] . The decrease in efficiency is slightly due to increase in forward voltage and heating, but the dominant factor is the decrease in internal quantum efficiency (IQE) as the current density is raised. Many proposals have been advanced to account for this efficiency droop in InGaN based LEDs. Some researchers proposed that the origin is carrier delocalization [163, 164] , and others proposed enhanced Auger recombination [165] and electron leakage [166] . However, different methods of sample preparation and device structure as well as different measurement conditions and the interpretation of the data with different models has led to an uncertainty as to the exact origin of this phenomenon.
An excellent review of the various proposed models is presented by Piprek [160] . In this article we present only a brief discussion of the basic model for the IQE of InGaNbased LEDs. The reader is referred to the article by Piprek for a comprehensive review of the various proposed models. The internal quantum efficiency of an LED is given by the ratio of the injected current leading to radiative recombination in the QWs of the device versus the total injected current in the contacts of the device.
In this expression the total current was split into current that generates photons in the QW (I rad ) and current that lost to other processes (I lost ). Efficiency droop occurs if I lost increases much more than I rad as the injection current increases. Carrier losses can occur either inside the QWs or other parts of the device. Non-radiative recombination inside the QWs can occur through states in the middle of the energy gap by the Shockley-Read-Hall (SRH) recombination (I SRH ) or Auger recombination (I Auger ) [167] . Carrier recombination outside the QWs are characterized as carrier leakage (I leak ). Thus, the total injection current can be written as:
Carrier recombination inside the QWs is determined by the first three terms of equation (6.2)
3) Where q is the electronic charge, V QW is the volume of all QWs, and A, B, C are the recombination coefficients for the SRH, radiative, and Auger processes respectively. The leakage current is difficult to describe by a simple expression. Ozgur et al [168] proposed a phenomenological expression for the leakage current density, J leak = kJ b , where J is the total current density and k and b are adjustable parameters. Piprek [160] has used a similar formula to relate the leakage current, I leak , to the current I QW injected into the QWs.
The combination of equations (6.1)-(6.4) leads to the following expression for the IQE:
Where the injection efficiency η inj represents the fraction of carriers that recombine inside the QWs
(6.6)
Thus, equation (6.5) takes also into account the carrier leakage. The majority of papers in the literature, which address the influence of Auger recombination on the efficiency droop are neglecting carrier leakage and thus equation (6.5) becomes:
The recombination coefficients for InGaN QWs extracted from measurements using this ABC model are of the order of A ~10 7 [169] , based on a microscopic many body model and a k.p band structure model, leads to much smaller coefficient for the direct band to band Auger process (C = 3.5 × 10 −34 cm
). Such small value makes the influence of Auger recombination to the efficiency droop to be negligible.
Delaney et al [170] conducted first-principle density-functional and many-body-perturbation theory and confirmed the negligible probability for intra-band Auger recombination in InGaN with band gap greater than 2 eV. But they also identified an inter-band Auger process, which exhibits a peak Auger coefficient of C = 2 × 10 −30 in bulk InGaN with 2.5 eV bandgap, which could account for the efficient droop. However, the probability of this inter-band Auger recombination decreases rapidly with the changing of the band gap and thus it could not explain the efficient droop in InGaN LEDs observed over a wide range of wavelengths. Thus, the role of Auger recombination in accounting for the widely observed 'efficiency droop' is still being debated [161] .
White LEDs.
In current LED technology, white light is generated by combining an InGaN-based blue LED with a yellow phosphor or by combining a near-UV LED with a tricolor phosphor (blue, green and red). Thus, wavelength down-conversion is the process used for most solid-state lighting (SSL) applications, since the efficiency of direct-emitting green, yellow, and amber LEDs, based on In x Ga 1−x N and In x (Ga y Al 1−y ) 1−x P, remains inferior to the efficiency of phosphor-converted LEDs (pc-LEDs) for these colors. The reader is referred to more specialized articles addressing this topic [112, 113] .
Currently, the majority of white light emission for various applications is realized by conversion using one (yellow in basic) or more phosphor components (green and red for higher quality white light )] is the most popular yellow phosphor used in pc-LEDs. Most often, YAG:Ce 3+ is used in powdered form, where the powders are dispersed in a polymer matrix [171] . While highly cost-efficient, a disadvantage of the powder-in-polymer approach is that these phosphor powders are comprised of highly scattering microsize particles that can lead to significant backscattering losses. More importantly, the powdered phosphors are almost always dispersed in polymers such as silicones or epoxies with low thermal conductivity, and these polymers prevent efficient heat dissipation, which limits the phosphor performance due to thermal degradation [172] . This problem is particularly troublesome in applications that require high light flux or operation at elevated temperatures (e.g. projection, automotive headlights, etc).
In order to overcome these limitations, scatter-free or low-scattering phosphors with strong blue absorption, high quantum efficiency, and efficient heat dissipation are needed. Recently, polycrystalline ceramic or single crystalline YAG:Ce 3+ converters have been developed [173] [174] [175] [176] [177] , and companies, such as OSRAM and Philips, have commercially available lighting technologies that make use of ceramic converters. While the internal efficiencies of YAG:Ce 3+ single crystals or transparent ceramic converters can be quite high, they have lower light extraction efficiency than porous ceramic converters or conventional powder-in-silicone phosphors due to the narrow light escape cone, which is defined by the total internal reflection (TIR) critical angle, θ c = arcs in(n ambient /n converter) at the planar emitting surface relative to interface normal. For extraction into air, the critical angle is approximately 33° for YAG:Ce 3+ (n = 1:82). In such a case, a significant portion of the light is reflected at the converter/air interface, which leads to the trapping of the converted light (the yellow emission) in guided modes where the radiation is either absorbed or emitted out from the plate edges. Only a very small portion (1/2 θc 0 sin (θ) dθ ≈ 8%) can be extracted from the top surface. Furthermore, from the viewpoint of blue light absorption, there is a decrease of absorption efficiency in such highly translucent phosphor plates compared to those of higher scattering, which leads to the low generation of converted light [178] . For transparent ceramic or single crystal converters to be used in solid state lighting applications, it is essential to improve their light extraction efficiency while maintaining their high internal quantum efficiency.
One approach to improve the light extraction efficiency is to incorporate a photonic crystal lattice (PCL) on the top of the surfaces [179] . As mentioned above, for a smooth surface, light emitted from the phosphor comprises two angular regions. The first region is light emitted within the escape cone defined by θ c . Outside the escape cone light is emitted in a set of sharp guided modes that propagate within the YAG slab. The number of these modes increases with the slab thickness and their sharpness is a function of the material losses and reflectivity of the interfaces. These guided modes are either lost by absorption or collected at the edges of the YAG slab. In the presence of a PCL, the photonic crystal acts as a diffraction grating and diffracts some of these guided modes into the air, increasing the directional light extraction efficiency [180] . Directly forming a PCL in YAG:Ce 3+ is difficult with standard reactive ion etching processes, since it is such a chemically and thermally stable material. Therefore, depositing a thin film of another material on the YAG:Ce 3+ surface, offers a good alternative. SiO 2 , TiO 2 , and Si 3 N 4 are popular photonic bandgap materials used in the formation of PCLs on phosphor plates [181] [182] [183] [184] [185] [186] and they can be deposited on a large scale with relatively low-cost processes. In particular, the high transparency at visible wavelengths and the relatively large refractive index (~2.4) of TiO 2 makes it a favorable material for making PCLs on YAG:Ce 3+ ceramic converters. A high refractive index for the PCL material is favorable because the refractive index contrast between the PCL materials, i.e. TiO2 and air, is proportional to the strength of the scattering [179] .
A systematic study of the effects of 2D hexagonal-lattice TiO 2 photonic crystal layers on the directional light extraction efficiency of low-scattering YAG:Ce 3+ ceramic converters has recently been reported by Sun et al [187] . Yellow directional light extraction enhancement by a factor of 4.4 is achieved with a 2D photonic crystal layer having a diameter of 430 nm, a lattice constant of 590 nm, and a height of 350 nm.
UV LEDs
AlGaN alloys are well suited for UV LEDs, because their energy gap can be tuned by changing the alloy composition to cover all three regions of the UV electromagnetic spectrum {UV-A (340-400 nm), UV-B (290-340 nm) and UV-C (200-290 nm). An excellent references on this topic is the recently published book by Kneissl and Rass [16] .
Ultraviolet light emitting diodes (UV-LEDs) are crucial for a number of applications such as water/air/food sterilization, surface disinfection, free-space non-line-of-sight communication, epoxy curing, counterfeit detection, fluorescence or Raman identification of biological/chemical agents, and various diagnostic and therapeutic medical applications. However, the development of UV LEDs and in particular the deep UV LEDs has not yet reached the same level as the visible spectrum LEDs. Despite intense efforts worldwide, the maximum external quantum efficiency (EQE) of fully packaged AlGaN-based deep UV-C LEDs is less than 10% as shown in figure 16 [16, [188] [189] [190] [191] [192] [193] . This is to be contrasted with InGaN-based violet-blue LEDs, whose EQE efficiency is more than 50%.
Fundamental materials problems.
Based on the data of figure 13 , the AlGaN alloys appear to be inferior to those of InGaN alloys for emitter applications. Specifically, according to the data in this figure the IQE of AlGaN bulk films decreases monotonically from 0.5 to 0.05 as the AlN mole fraction varies from 0 to 55%. There are a number of fundamental problems with AlGaN alloys independent of growth method, which are responsible for the relatively low progress in developing efficient deep UV LEDs. Compositional inhomogeneities due to phase separation, observed in InGaN alloys, are not expected in AlGaN alloys, since the Al and Ga atoms have identical ionic radius in tetrahedral sides. Furthermore, AlGaN alloys, grown heteroepitaxially on sapphire substrates, generally suffer from high concentration of extended as well as point defects. There are multiple reasons for the high density of extended and point defects in heteroepitaxially grown AlGaN films. Principle amongst which is the high activity of nitrogen produced either by thermal decomposition of ammonia in the MOCVD method or by plasma decomposition of molecular nitrogen in the MBE method [194] . During epitaxial growth this active nitrogen reacts instantly with arriving Al atoms on the substrate and limits their diffusivity. This leads to the nucleation of small AlGaN islands and films with microstructures consisting of small hexagonal columnar domains. Such materials are expected to have high dislocation density, since the plurality of the threading dislocations occur primarily at the boundaries of the hexagonal columnar domains due to their incomplete coalescence [61] . Furthermore, coalescence of the small islands leads to tensile stress, which promotes the nucleation and propagation of cracks [195] . This is even more important in silicon doped high Al content AlGaN films, since silicon is anti-surfactant and thus, it leads to microstructures with even smaller domains [196] .
Another source of the poor internal quantum efficiency (IQE) of deep UV LEDs is the incorporation of oxygen in AlGaN due to the high chemical affinity of aluminum for oxygen [197] [198] [199] . While oxygen is a shallow donor in GaN and InGaN alloys, it is known to form DX like centers in AlGaN alloys with high AlN mole fraction [200] . Other potential problems are the poor doping efficiency of n-and particularly p-AlGaN with high AlN mole fraction, which is responsible for the poor carrier injection in the active region of the device. This is due to the high ionization energies of Mg acceptors and Si-donors, which are 630 and 280 meV respectively for AlN [201] .
Finally, another fundamental problem influencing the EQE in AlGaN-based deep UV LEDs is the difficulty in extracting the light from the device due to changes in the valence band structure of AlGaN alloys as the AlN mole fraction in the alloy increases. As shown in figure 17 , the band structure of AlGaN alloys changes as a function of AlN mole fraction due to the difference in the crystal field splitting of GaN (+38 meV) and AlN (−219 meV). This reversal in the order of the valence bands in AlN and in AlGaN alloys as the AlN mole fraction increases imposes certain selection rules in the fundamental optical transitions. Specifically, in GaN this leads to light polarized with the E ⊥ C-axis (TE mode, surface emission), while in AlN the light is polarized with the E||C-axis (TM mode, edge emission) [202, 203] .
Growth methods of improving the IQE of AlGaN
alloys. Various approaches are currently been pursued to address these problems. A number of researchers reported that Figure 16 . External quantum efficiencies for AlGaN, InAlGaN-, and InGaN quantum well LEDs emitting in the UV spectral range [188] . Reproduced with permission from [188] . Copyright Research Gate.
the IQE of AlGaN MQWs, grown by the lateral epitaxial overgrowth method, increases as the dislocation density decreases from 10 10 cm −2 to about 5 × 10 8 cm −2 in agreement with simulations [204] . Although these reports refer to edge dislocations, which as discussed previously are not recombination centers but traps, it is very likely that the density of screw dislocations, which are non-radiative recombination centers [118] , decreases by the same amount as the edge dislocations. Monroy et al [205] have employed indium as a surfactant to promote two-dimensional (2D) growth during deposition of AlGaN alloys under slightly N-rich or stoichiometric conditions by plasma-assisted MBE. This growth mode should lead to larger islands and thus fewer dislocations as discussed previously.
An alternative approach is to develop methods of introducing compositional inhomogeneities in the AlGaN alloys during their growth in analogy with InGaN alloys. Our group has reported that growth of AlGaN alloys by plasma-assisted MBE under more Ga than required for stoichiometric growth, does not affect the film stoichiometry [206] . In this growth mode the excess Ga accumulates as liquid in the surface of the growing film and thus, the active nitrogen and Al-atoms as well as intentional or unintentional impurities have to dissolve in the liquid Ga and incorporate into the growing film from the liquid phase. Thus, the growth mode has converted from physical vapor deposition to liquid phase epitaxy (LPE) [198, 199] . This growth mode is likely to lead to lateral compositional inhomogeneities due to statistical fluctuations of the thickness of the liquid Ga on the surface of the growing AlGaN film. These compositional inhomogeneities lead to band structure potential fluctuations, which are sufficiently deep that lead to exciton localization even at room temperature. This prevents the carriers from diffusing to point or extended defects and to recombine non-radiatively.
Also, in the proposed LPE growth mode the incorporation of impurities in the AlGaN film requires that that their solubility in Ga at the growth temperature to be relatively high. We have reported previously that the concentration of impurities such as O, H and C is in the 10 18 -10 19 cm −3 range when the GaN films are grown under nitrogen rich conditions, while they are two to three orders of magnitude less when the films are grown under Ga-rich conditions [198, 199] . The reduction in oxygen incorporation can be accounted for by the formation of volatile gallium oxides, which would then desorb. Similarly, hydrogen may form volatile gallium hydrides. Regarding the reduction in carbon impurities one has to assume that the solubility of carbon in Ga must be very low, since gallium carbides compounds are not known to exist.
Bhattacharyya et al [207] investigated the effect of the excess liquid-Ga on the IQE of AlGaN MQWs by growing a series of identical in thickness and composition Al 0.70 Ga 0.30 N/ AlN MQWs on the c-plane of sapphire substrates and studying their photoluminescence efficiency as a function of temper ature. Specifically, during the growth of the wells the flux of Ga was varied from that corresponding to stoichiometric conditions (III/V ~ 1) to (III/V 1). The thickness of the barriers and wells were 6 nm and 1.5 nm respectively. The nor malized luminescence spectra of these samples are presented in figure 18(a) . These data show that all MQW samples exhibit only a sharp near band-edge emission. It is important to stress that although the thicknesses and compositions of the wells and barriers were the same for all samples, the emission wavelengths varies from 225 nm to 250 nm as the Ga-flux increased from III/V close to one to much greater than one. This red shift of the PL spectra for these identical MQWs indicates that the excess Ga during the growth of the wells introduces band structure potential fluctuations whose depth increases with the amount of excess Ga. Consistent with this interpretation is also the increase of the spectral width from 11 nm to 16 nm. These potential fluctuations are much deeper than the statistical ones due to alloy disorder and thus, they can cause carrier localization and efficient radiative recombination even at room temperature.
The IQE of these MQWs was determined by measuring the photoluminescence spectra as a function of temperature, using the method described by Chichibu et al [115] , and the results are shown in figure 18(b) . Thus, the IQE for these MQWs varies from 5% for peak emission at 225 nm, to 50% for peak emission at 250 nm. This increase in the IQE for identical Al 0.7 Ga 0.3 N/AlN MQWs is attributed to the localization of the excitons due to band structure potential fluctuations introduced during the growth of the wells under Ga-rich conditions.
Zhang et al [208] also investigated the growth and properties of deep UV emitting AlGaN/AlN MQWs, grown on the c-plane of 6H-SiC substrates. Growth of AlGaN alloys and QWs on SiC has the advantage that the lattice mismatch between SiC and AlN is only ~1%. These authors reported that such Al 0.7 Ga 0.3 N /AlN MQWs emitting at 245 nm have an IQE of 68% [208] .
Based on this discussion, it appears that the IQE of AlGaN based deep UV LEDs can be resolved either by using methods to reduce the density of dislocations [204, 205] or by growing the active region of the LED under conditions, which introduce band structure potential fluctuations [196, [207] [208] [209] [210] [211] [212] . Thus, the light extraction efficiency is currently what limits the EQE efficiency of the deep UV LEDs.
Lasers
The demonstration of blue-violet diode lasers by Nakamura and coworkers at Nichia in 1996 [40] represents a major achievement in the field of III-nitride semiconductor optoelectronics. Prior to this work, the only semiconductor lasers emitting at blue wavelengths were based on II-VI materials and suffered from severe reliability issues, so that their potential for commercialization was limited. On the other hand, in a short time span after their initial demonstration, InGaN MQW lasers emitting in the 400-nm wavelength range have reached sufficient levels of performance and reliability to become attractive for practical applications [40, [213] [214] [215] [216] [217] [218] [219] . In fact, an operating lifetime of over 10 000 h was reported as early as in 1997 [214] . The main driving market of these devices is high-density optical data storage, as well as applications in the areas of full-color displays, projectors, and printers. As a clear indication of their commercial impact, the development of III-nitride diode lasers has enabled the creation of the Blu-ray Disc format providing unprecedented capacity for the entertainment industry [217] .
In most high-performance III-nitride lasers, the gain medium consists of InGaN/GaN MQWs with relatively low InN mole fraction, although GaN/AlGaN or AlInGaN MQW laser structures have also been developed. As already pointed out in this review, a unique property of III-nitride semiconductors is the ability to tune their emission wavelength from the near-infrared to the UV range by varying the alloy composition. As a result, extensive research efforts are currently devoted to extending the spectral reach of lasers based on these mat erials. On the longwavelength side, green-emitting diode lasers have been demonstrated using higher-In-content InGaN/GaN MQW active materials [220] [221] [222] [223] [224] [225] [226] , with a maximum emission wavelength above 530 nm. Similar to the case of green LEDs, the main challenge here is related to the decrease in structural quality and the increase in piezoelectric polarization with increasing InN mole fraction in InGaN/GaN QWs. To address the latter issue, semi-polar GaN substrates are often used for the growth of these devices [221, 222, 224, 226] . In addition, the refractiveindex contrast between the core and cladding layers of a typical InGaN/GaN laser waveguide decreases with increasing wavelength, which causes a reduction in the optical confinement factor and therefore an increase in the laser threshold.
At the same time, the development of nitride UV lasers is also being widely investigated [227] [228] [229] [230] [231] [232] [233] [234] [235] [236] , motivated by applications in bio-chemical sensing, material processing, water treatment, and non-line-of-sight optical communications. The shortest room-temperature emission wavelength reported to date under electrical injection is 336 nm, which was obtained with an AlGaN/AlGaN MQW gain medium [234] . Laser emission at even shorter wavelengths is possible using AlGaN alloys of larger bandgap energy; however at present it remains a considerable challenge mostly due to the well-known difficulty in doping AlGaN alloys of high Al content, as required for the purpose of electrical injection. In fact, room-temperature lasing at deep-UV wavelengths down to 214 nm has already been demonstrated with high-quality AlN layers using optical pumping [231] . Optical gain at wavelengths below 250 nm has also been measured with the variable-stripe-length method in AlGaN/AlN QWs featuring strong band-structure potential fluctuations [210, 211, 237] , grown by plasma-assisted MBE under Ga-rich conditions as described previously in this article. Due to their advanced level of development and wide range of applications, a comprehensive description of III-nitride diode lasers is beyond the scope of this review. In fact, entire books on the subject have already been published [3, 7, 238] and can be consulted for further details. The following discussion is limited to a brief review of the more distinctive aspects of the physics of these devices, as compared to lasers based on more 'traditional' III-V semiconductors (i.e. As-or P-based materials). Perhaps the most important question in the context of III-nitride diode lasers is related to the very nature of their optical gain. In particular, it has been argued that stimulated emission in InGaN QWs arises from localized excitons created by compositional and layer-thickness fluctuations and/or by phase separation of InN and GaN [119] . These structural phenomena produce potential energy minima providing 3D carrier confinement (similar to the case of quantum dots), where a population inversion of bi-excitons can be established. The carriers confined in such energy minima are also prevented from nonradiative recombination at dislocations, which would explain the surprisingly high quantum efficiency of InGaN QWs despite their large defect densities [239] . In any case, this picture remains a subject of some controversy and the opposing view of optical gain due to interband recombination (as in more traditional III-V semiconductors) has also been argued [240] .
Regarding the active material of typical III-nitride lasers, QWs are commonly used because of their reduced volume and 2D density of states, which result in lower threshold current density and larger differential gain compared to analogous bulk gain media [241] . It should be noted, however, that several characteristic features of III-nitride semiconductors partly limit the advantages that are commonly associated with QWs in the context of diode lasers. First, due to the large effective masses of these materials, significant quantization effects only occur in very narrow QWs, which are extremely sensitive to the quality of the hetero-interfaces. Narrow QWs are also needed to minimize the quantum confined Stark effect, which would otherwise strongly decrease the oscillator strength and therefore increase the laser threshold. Second, because the 'heavy-' and 'lighthole' (usually denoted A and B) valence bands have comparable effective masses along the c direction, no significant splitting between the A and B subbands occur in (c-plane) QWs. As a result, the use of these QWs does not produce a reduced density of valence-band states near the emission wavelength, as is commonly observed in the case of As-based materials and which is very desirable for the purpose of decreasing the laser threshold. Finally, the application of strain in (c-plane) nitride QWs does not appreciably decrease the hole effective masses and therefore the valence-band density of states, because of their small spinorbit splitting [242] . Therefore, unlike the case of diode lasers based on zincblende materials, the performance of III-nitride QW lasers does not substantially benefit from the presence of strain in the active layer. Incidentally, some of these considerations (in addition to the absence of polarization-induced intrinsic electric fields) also motivate the ongoing efforts to develop nitride QW lasers grown along nonpolar directions [243, 244] .
Regarding the device structure, a schematic cross-sectional view and band lineup of a typical in-plane InGaN/GaN MQW laser are shown in figure 19 (where band-bending due to the intrinsic electric fields is not included for simplicity). Here the fundamental optical mode is confined along the growth direction by the refractive-index discontinuity of the n-GaN/n-AlGaN and p-GaN/p-AlGaN interfaces immediately below and above the MQW region, respectively. Lateral confinement, on the other hand, is provided by the ridge structure etched through the upper cladding layer. A p-doped GaN/AlGaN superlattice is often used in place of AlGaN in this layer, for the purpose of increasing the fraction of ionized acceptors and therefore the hole density. As in typical LEDs, an undoped AlGaN electron-blocking layer is also grown over the QWs to avoid electron overflow outside of the active region at high bias currents. Finally, the top p-GaN and bottom n-GaN serve as the contact layers. If the growth substrate itself is conducting (e.g. n-doped free-standing GaN), the n-metal contact can be deposited on its bottom surface.
Initial nitride lasers were mostly grown on sapphire, possibly using epitaxial lateral overgrowth (ELO) in order to reduce the dislocation density, whereas more recently SiC as well as free-standing GaN substrates have also been employed. Besides its large lattice and thermal mismatch with GaN, (c-plane) sapphire has the disadvantage of not sharing any common cleavage plane with the overlaying epitaxial films. As a result, high-quality laser facets in devices grown on sapphire cannot be obtained simply by cleaving, which provides an additional fabrication challenge. Furthermore, due to the relatively large refractive-index difference between sapphire and GaN, a complex pattern of higher-order transverse modes can be supported by the laser epitaxial film, leading to undesirable multi-lobe far-field patterns. Finally, it should be noted that the use of ELO techniques and/or substrates providing a better lattice match is beneficial from the point of view of laser reliability, as a direct correlation between reduced dislocation density and increased device lifetime has been observed [245] . 
UV Photodetectors

Introduction
Historically, the development of high quantum efficiency semiconductor UV detectors has been hampered by the extremely strong absorption and radiation induced aging effects in most semiconductor materials. The AlGaN material system is well suited for UV photodetectors because its direct bandgap can be tuned from 360 nm to 200 nm, by changing the alloy composition and thus, enabling true visible-blind or solar-blind detectors. As semiconductor devices, such detectors are lightweight, compact, have low power requirements and low internal losses. In addition nitride semiconductors exhibit good electronic transport properties; they are physically robust, chemically inert, have high corrosion resistance and are non-toxic. These properties make them also attractive for use in hostile environments and at high temperatures. AlGaN alloys have been used to fabricate either photoconductive or photovoltaic UV detectors [246] [247] [248] [249] [250] [251] [252] [253] [254] [255] . Excellent reviews on UV photodetectors were presented by Razeghi and Rogalski [248] , Campbell et al [250] and Monroy et al [252] .
Photoconductive detectors 8.2.1. GaN 'visible blind' UV photoconductive detectors.
In this section we discuss 'visible blind' photoconductive detectors based on GaN thin films with interdigitated Ohmic contacts placed on the surface of the material to maximize light transmission while minimizing transit time. When photons with energy greater than the band-gap are incident on it, they are absorbed and generate electron-hole pairs within the material. An electric field, applied to a photoconductor by an external voltage source, causes the carriers to move towards the electrodes creating a current that is proportional to the incident photon flux.
In the following we discuss the properties of a number of such GaN photoconductive detectors produced by plasmaassisted MBE [247, 251, 254] . A number of n-type auto-doped GaN films were grown by this method and their resistivity was varied from 10 to 10 7 (Ω · cm) by varying the ratio of the Ga to active nitrogen flux produced by the plasma discharge. The relatively high resistivity of these films is due to reduction of oxygen incorporation during growth under excess Ga. These films were fabricated into photoconductive detectors by depositing lithographically interdigitated electrodes with electrode spacing ranging from 5 µm to 20 µm. The Ohmic metal contacts were formed by depositing Ti (20 Å)/Al (2000 Å)/ Au(5000 Å) by e-beam evaporation and annealed to 850 C to form Ohmic contacts. The photoresponse shows a sharp increase at 365 nm, corresponding to the bandgap of GaN, and visible light rejection of more than three orders of magnitude. The spectral response of GaN is quite remarkable because it remains constant for wavelengths down to 200 nm, which was the limit of our measurement apparatus. This needs to be contrasted with conventional semiconductors, like Si and GaAs, where the photoresponse drops dramatically at short wavelengths, a result attributed to surface recombination in these materials. The constant photoresponse at short wavelengths in GaN is evidence that surface recombination is less important in GaN, consistent with our earlier conclusion that the surface states in GaN have moved towards the band edges, where they act as traps rather than recombination centers.
Photoconductive gain.
The photocurrent in photoconductive detectors is given by the expression:
Where I p is the measured photocurrent, q is the electronic charge, η is the quantum efficiency, P opt is the optical power, hν is the photon energy, µ is the electron mobility, τ is the carrier lifetime, V is the applied bias voltage, d is the interelectrode spacing, and G is the photoconductive gain. The photoconductive detectors have gain because the minority carriers are trapped while the majority carriers go around the circuit many times before recombination. According to equation (8.1) the gain of a photoconductive detector of known dimensions and at a known applied voltage is a measure of the mobility-lifetime (µτ) product of the material, which is the real figure of merit of the material. Figure 21 shows the mobility-lifetime (µτ) products measured for a number of n-GaN detectors as a function of film resistivity. Thus the µτ product varies monotonically from 10 −2 cm 2 V −1 to 10 −7 cm 2 V −1 as the film resistivity changes from 10 to 10 7 (Ω · cm). Based on Hall Effect measurements performed on these materials, this large variation in µτ products is attributed mainly to variation in electron lifetime. Films with the higher gain correspond to longer lifetimes and films with relatively smaller gains correspond to shorter lifetimes. The behavior described in figure 21 is typical of photoconductive detectors, for which the gain-bandwidth product remains constant. the incident optical power. Thus, according to equation (8.1) the responsivity is given by the expression:
The responsivity of the various GaN detectors was determined by measuring the photocurrent using a lamp with emission at 254 nm. The photon flux intensity of the lamp was determined by measuring the photocurrent from a calibrated UV enhanced silicon photodiode (Hamamatsu S5226-8BQ), illuminated under identical conditions as the photodetectors. The UV responsivity of a number of GaN detectors measured at 254 nm as a function of detector dark current is shown in figure 22 . These responsivities are significantly larger than the responsivities for commercial Si (0.1 A W −1 at 200 nm), GaP (0.03 A W −1 at 254 nm) and GaAsP (0.035 A W −1 at 254 nm) UV photovoltaic detectors [256] . Of course the larger responsivity is related to the fact that photoconductive detectors have gain. Based on these results, the investigated detectors may be broadly divided into two categories. The first type has low dark resistivity and high responsivity and the second type has high resistivity and relatively lower responsivity.
Dynamic range.
Dynamic range is a detector parameter that indicates the range over which the detector response remains linear with respect to the incident light intensity. The effect of decreasing the light intensity is to move the quasi-Fermi levels of electrons and holes closer to each other towards the middle of the gap and thus, probe the interaction of the trap levels and recombination centers within the gap of the semiconductor [257] . Thus, the measurement of photoconductivity as a function of light intensity is a powerful tool to investigate the distribution of traps and recombination centers in the semiconductor bandgap. If we denote I p = f γ , where I p is the photocurrent and f is the generation rate, then the exponent γ is a measure of the linearity of the photoresponse.
The dynamic range of a number of n-GaN photodetectors was investigated by varying the intensity of the incident laser beam (He-Cd, 10 mW at 325 nm) over several orders of magnitude using calibrated neutral density filters. In semi-insulating GaN films the response was found to be practically linear (γ = 0.93) over five orders of magnitude as shown in figure 23 .
In general, the exponent was found to vary from γ = 0.5 for conducting films to γ = 1 for semi-insulating films as shown in figure 24 . The dependence of the exponent γ on the position of the dark Fermi level for the investigated films is shown in figure 25 . The variation of γ between 0.5 and 1.0 can be accounted for by considering an exponential distribution of traps from the band edges using a model first proposed by Rose [257] . According to this model this type of light intensity dependence can be accounted for by considering a single type of recombination center lying below the dark Fermi level and an exponential distribution of electron traps extending from the conduction band edge. The exponential electron trap distribution is expressed as: Figure 22 . UV responsivity as a function of detector dark current for several n-GaN photodetectors [254] . Reproduced with permission from [254] . © (2007) COPYRIGHT SPIE-The International Society for Optical Engineering. Mobility-lifetime products as a function of film dark resistivity for n-GaN photodetectors fabricated on films produced by plasma-assisted MBE [254] . Reproduced with permission from [254] . © (2007) COPYRIGHT SPIE-The International Society for Optical Engineering.
The characteristic temperature T 1 can be adjusted to make the exponential density of states to vary more or less rapidly with energy.
As the light intensity increases, more and more of the N t states are converted from trapping states to recombination centers. The conversion occurs as the quasi-Fermi level sweeps through the N t states towards the conduction band. As the density of recombination states increases, the electron lifetime decreases. The density of the new recombination centers can be calculated by integrating equation (8. 3) between the original Fermi level E F and the quasi-Fermi level E Fn . Knowing the density of recombination centers the electron lifetime can be calculated. Thus, the steady state value of the excess carriers, if the generation rate is f, is given by [257] :
Thus, according to this model if T 1 is equal to or larger than T, the exponent γ = T 1 / (T + T 1 ) lies between 0.5 and 1.0.
In summary for low resistivity films, the dark Fermi level lies close to the conduction band. Upon illumination, the quasiFermi level sweeps through only a small range of energies towards the conduction band. Thus the number of traps that convert to recombination centers is small. In addition, states closer to the band edge are less efficient as recombination centers. Therefore, the electron lifetimes are long, leading to higher values of µτ products. For high resistivity films, the dark Fermi level lies deeper in the bandgap. Upon illumination the quasi Fermi level moves closer to the conduction band, sweeping through a large band of energy. Thus, the concentration of states which are converted from traps to recombination centers is larger. Furthermore, these states being closer to the middle of the gap are more efficient recombination centers, yielding shorter lifetimes for electrons and thus, smaller µτ products.
Similar behavior was observed by Bube and Redfield for amorphous hydrogenated silicon [258] . The exponential distribution of traps in amorphous silicon was attributed to disorder and dangling bonds. In the GaN films the exponential distribution of traps has its origin to potential fluctuations possibly due to inhomogeneous distribution of impurities, point defects and extended defects like stacking faults.
AlGaN 'solar blind' UV photoconductive detec-
tors. AlGaN-based UV detectors are making strides in detecting UV radiation from 360 nm to x-rays, as well as alpha particles [247] . Such detectors were found to have improved sensitivity, high spectral selectivity and low noise. Specifically, AlGaN-based UV detectors are finding use in areas such as the detection of UV flames for combustion control, surveillance of rockets and intercontinental ballistic missiles, secure space-to-space communication, detection of UV scintillation for medical imaging, monitoring of pollutants like nitrous oxide (NO 2 ) and sulfur dioxide (SO 2 ) in the ionosphere, space-based instrumentation for UV astronomy and in UV photolithography for semiconductor processing.
As discussed previously in section 6, AlGaN alloys tend to undergo partial long range atomic ordering. In such alloys Iliopoulos [130] has shown that the energy gap is reduced as the degree of ordering increases. The observed reduction of the band gap with ordering was confirmed by Dudiy and Zunger using first-principal calculation combined with largescale atomistic empirical-pseudopotential simulations [259] .
A number of partially ordered undoped AlGaN films were fabricated into photoconductive detectors using the method described previously. The resistivity of these AlGaN films was found to increase by 7 orders of magnitude as the AlN mole increases from 0 to 50%. The (µτ) product of these detectors was calculated from the measurement of the photocurrent and the results are shown in figure 26 [131] . Plotted in the same figure are the (µτ) product for n-GaN detectors taken from figure 21 . Thus, the (µτ) product for the Al x Ga 1−x N alloys vary from 10 −2 to 10 −5 cm 2 V −1 as the composition of the films is changed from x = 0 to x = 0.5.
From the data of figure 26 it is apparent that that in both GaN and AlGaN the gain decreases monotonically as the resistivity of the films increases. In both cases, the variation in the µτ product with resistivity is attributed mainly to changes Photoresponse as a function of excitation intensity for a number of GaN photoconductive detectors fabricated from n-GaN films of various resistivities [254] . Reproduced with permission from [254] . © (2007) COPYRIGHT SPIE-The International Society for Optical Engineering.
in the lifetime of the photo-generated carriers. Specifically, the change in the lifetime with changes in the dark resistivity is attributed to the observation that the films have an exponential distribution of defects states and that the relative density of occupied states and recombination centers changes as the quasi-Fermi levels change upon illumination.
It is important to note that the AlGaN alloys have higher (µτ) products than GaN even though they are expected to have lower mobility than GaN due to alloy scattering and shorter lifetime than GaN due to their more defective nature. Misra et al [131] accounted for this anomaly by postulating that the ordered and random AlGaN domains form a Type-II heterostructure as indicated in figure 27 . In such band alignment the photogenerated electron-hole pairs are physically separated in the conduction the valence bands of the ordered and random domains respectively leading to an increase in recombination lifetime by orders of magnitude.
Consistent with these experimental results Dudiy and Zunger predicted by atomistic empirical pseudopotential simulations that the band alignment between random and ordered domains in Al x Ga 1−x N alloys changes from Type I to type II at x = 0.4 leading to an increase in recombination lifetime of electrons and holes [132] . Recombination occurs only when both electrons and holes occupy the same domain by thermal emission. Similar results of ordering on carrier lifetimes have been reported for Ga 0.47 In 0.53 As alloys [260] .
In conclusion, photoconductive detectors based on GaN and partially ordered AlGaN alloys were fabricated end evaluated. In both cases the mobility-lifetime product, which is an intrinsic figure of merit of the photoconductive gain, were found to decrease monotonically with the film resistivity. In both cases the decrease of lifetime as the material becomes more insulating is attributed to exponential band tails due to potential fluctuation arising from defects or the growth mode. In the case of partially ordered AlGaN alloys, the mobility-lifetime product for films with AlN mole fraction close to 50% is about two orders of magnitude higher than that of GaN films with comparable resistivity. This result was accounted for by the longer lifetime of the photo-generated carriers in the partially ordered alloys.
Photovoltaic UV detectors
Such detectors based on AlGaN have been fabricated in the form of Schottky barriers, p-i-n diodes, photo-transistors, avalanche photodiodes [248, 250, 252] . For example, 'visibleblind' GaN p-i-n photodiode arrays with peak responsivity of 0.11 A W −1 at 360 nm corresponding to 48% internal quantum efficiency have been reported, with visible rejection of 3-4 orders of magnitude in the 400-800 nm spectral range [261] . Furthermore, by alloying GaN with AlN one can design these devices to be completely 'solar-blind'. To design such devices one has to take into account that there is a reduction in the solar radiation in the 240 nm-280 nm spectral region due to atmospheric absorption. Thus, for an AlGaN p-i-n diode, the composition of the n-layer should be chosen to absorb any UV light at wavelengths shorter than 240 nm. Also, the i-layer is chosen to have an absorption edge at 280 nm [262] .
UV electroabsorption modulators
Introduction
Electroabsorption modulators are semiconductor electro-optic devices in which a change in absorption coefficient Δα (or refractive index Δn) is induced by an externally applied electric field [263] . In the past several years, near-infrared electroabsorption modulators based on zincblende III-V compounds (arsenide, phosphide and antimonide semiconductors) have been developed with impressive performance metrics, for a variety of applications in fiber-optic communications such as data transmission, photonic switching and optical interconnects [263] . In general, particularly strong modulation can be obtained when the absorption edge is dominated by excitonic effects, due to the sharp nature of the resulting absorption features. However, in mostly covalent smaller-bandgap bulk semiconductors such as GaAs the exciton binding energy (~4 meV) is substantially less than the thermal energy k B T at room temperature. As a result, the excitonic nature of the absorption edge at room temperature is not obvious due to thermal broadening, and the associated benefits for electroabsorption modulation are Figure 27 . Schematic representation of a potential band structure in a photoconductive detector based on partially ordered AlGaN alloys [131] . Reprinted with permission from [131] . Copyright (1999), AIP Publishing LLC. lost. On the other hand, the exciton binding energy becomes substantially larger in quantum-well (QW) structures, leading to well resolved excitonic absorption peaks even at room temper ature. High-performance optical modulators have therefore been developed over the years based on the quantum confined Stark effect (QCSE) in QWs, where large changes in the excitonic resonance are obtained through the application of an electric field along the growth direction [263] [264] [265] .
On the other hand, visible/ultraviolet (UV) electroabsorption modulators based on wide-bandgap III-nitride semiconductors have so far received limited attention [266] [267] [268] [269] [270] [271] [272] , despite a number of promising potential applications. Of particular interest is their development for non-line-of-sight freespace optical communications based on atmospheric light scattering [273] , where the use of short-wavelength radiation is advantageous due to its large atmospheric scattering crosssection. External optical modulators in these systems would allow for higher transmission rates, without the deleterious transient heating effects that are typically associated with direct current modulation of semiconductor light sources. Nitride electroabsorption modulators incorporated within a laser cavity could also be used for the generation of short pulses of visible/UV radiation via Q-switching [266] .
A basic property of nitride semiconductors that is particularly important in this context is provided by their large exciton binding energies (about 25 meV in GaN and even higher in ternary AlGaN alloys). This is a direct consequence of the heavy electron and hole effective masses of these materials, which in turn are directly related to their large bandgap energies. As a result, even in bulk samples at room temperature the optical absorption edge is dominated by excitonic effects [274] , so that strong electroabsorption of near-bandgap radiation can be expected. The first UV optical modulator based on a 0.4 µm-thick GaN film grown by metal-organic chemical vapor deposition (MOCVD) has been reported by Oberhofer et al [267] . However, this device was found to require a prohibitively large applied voltage (>80 V) to produce any appreciable change in transmission, with a maximum modulation depth under normal-incidence operation of 18% at 305 V bias. Significantly stronger electroabsorption modulation at similar wavelengths (near 350 nm) has been demonstrated based on the QCSE in GaN/AlGaN QWs [268] . In particular, a comparable normal-incidence modulation depth of about 20% was obtained in this device with a modest reverse bias of only 10 V. Similar devices operating at blue/violet and deep-UV wavelengths have also been demonstrated based on InGaN/ GaN and GaN/AlGaN QWs, respectively [269, 270] .
Electroabsorption modulators based on bulk GaN films
The device described in this section was grown by RF plasma-assisted MBE on (0 0 0 1) sapphire [271] . A schematic cross-sectional view of the device is shown in figure 28(a) . A relatively thick (0.5 µm) AlN film was initially grown on the substrate, so that all subsequent epitaxial layers are under compressive strain, which reduces their probability of developing cracks. A transparent contact layer consisting of Si-doped n-Al 0.16 Ga 0.84 N was then deposited, followed by a nominally intrinsic Al 0.3 Ga 0.7 N film, whose function is to electrically isolate the GaN active region from the bottom contact layer. The GaN active region is also undoped and has a thickness of 0.4 µm.
Prior to the device fabrication, the material optical absorption spectrum was determined via transmission measurements at room temperature and the results are shown in figure 29 . These data clearly show that even without cryogenic cooling the absorption edge of this bulk sample is dominated by excitonic effects, leading to a sharp peak at a photon energy of about 3.47 eV. The abrupt increase in absorption at about 3.7 eV is due to the 1 µm-thick Al 0.16 Ga 0.84 N film. figure 1(a) [271] . Reprinted with permission from [271] . Copyright (2011), AIP Publishing LLC.
Electroabsorption modulators based on the device geometry of figure 28(a) were fabricated using standard photolithographic techniques. 800 µm × 800 µm mesa structures were first formed by inductively-coupled plasma etching in a chlorine-based chemistry. A Ti/Al/Ni/Au multilayer film was then deposited by electron-beam evaporation on the exposed n-Al 0.16 Ga 0.84 N around each mesa, and annealed at 850 °C to form an Ohmic contact. Finally, a thin semi-transparent Ni/Au film was deposited over the top surface of each mesa, with a thick Au pad added in one corner for wire bonding. The resulting junction with the underlying GaN film is of the Schottky type, so that the external field across the active layer can be controlled through the application of a reverse bias on the Ni/Au contact. A micrograph of a fabricated modulator is shown in figure 28(b) .
The measured transmission spectra through each device were normalized to similarly measured transmission spectra through a sapphire substrate. The resulting traces for a representative GaN modulator under various reverse bias volt ages from 0 to 14 V are shown in figure 30(a) . A zoom-in of the transmission spectra near the excitonic resonance is shown in the inset of figure 30(a) . As the applied voltage is increased, the excitonic absorption resonance is broadened and quenched, leading to an increase in transmission near the exciton peak and to a decrease in transmission at sufficiently detuned photon energies. From these traces we obtain a maximum modulation depth M of about 30% at a photon energy of about 3. 45 
eV, where M is defined as the ratio [T(V) -T(0)]/T(0) and T(V) is the device transmission as a function of bias voltage V.
The measured transmission spectra can also be used to calculate the corresponding changes in absorption coefficient Δα(V) = α(V) − α(0) versus photon energy, for different values of the applied voltage. Specifically, since T(V) is proportional to e −α(V)d , where d is the thickness of the absorbing layer (0.4 µm in this case), we can write
Several spectra of Δα obtained with this procedure are shown in figure 30(b) . The maximum change in absorption coefficient here is found to increase with applied voltage up to a peak (absolute) value of about 7 × 10 3 cm −1 at V = 12 V. As the reverse bias is further increased, a non-negligible amount of leakage current begins to flow across the active layer. This leads to a thermal modulation of the band edges via resistive heating, which tends to compensate the field-induced changes in the absorption edge. As a result, no further increase in Δα is obtained at higher voltages. The origin of this leakage current is likely due to structural defects in the epitaxial material and/or surface states on the mesa sidewalls. In any case, the results presented in figure 30 clearly demonstrate the potential of nitride bulk films for electroabsorption modulation, consistent with their uniquely large exciton binding energies.
Electroabsorption modulators based on GaN/AlGaN quantum wells
Electroabsorption modulators based on various multiple-QW structures were also developed, using the same growth, fabrication, and characterization procedures described in the previous section. In the following we present results obtained with the device structure shown schematically in figure 31 . Here the bottom contact layer consists of a Si-doped n-Al 0.15 Ga 0.85 N film, and the active region comprises 50 pairs of nominally undoped 40 Å GaN wells and 50 Å Al 0.2 Ga 0.8 N barriers. The overall thickness of this multiple-QW layer (0.45 µm) is therefore similar to that of the GaN film in the device structure of figure 28. Once again a semi-transparent Ni/Au Schottky contact, deposited over the topmost barrier, is employed to modulate the voltage across the active region.
As already discussed, QW electroabsorption modulators rely on the QCSE, whereby an external electric field along the growth direction is used to change the exciton oscillator strength and simultaneously shift the absorption edge. An important difference between the present GaN/AlGaN devices and similar modulators based on zincblende III-V compounds is related to the characteristic intrinsic electric fields of nitride QWs grown along the (0 0 0 1) direction. These fields are due to the presence of spontaneous and piezoelectric polarizations of different magnitudes in the well and barrier layers (leading to the creation of surface charge on the heterointerfaces), and Differential absorption spectra derived from the traces of (a) [271] . Reprinted with permission from [271] . Copyright (2011), AIP Publishing LLC.
can be as large as several MV cm −1 . In the device geometry of figure 31 , the intrinsic electric fields in the GaN well layers point towards the substrate, and are therefore decreased by the application of a reverse bias on the Schottky contact. As a result, the spatial overlap between the electron and hole wavefunctions in each QW increases with increasing reverse voltage, leading to an increase in the excitonic oscillator strength and absorption; at the same time, a blue shift of the absorption edge is also expected. This is the exact opposite of what happens in modulators based on typical zincblende QWs, where no intrinsic electric fields exist so that under zero bias the wells and barriers have a rectangular profile.
In figure 32 (a) we plot the normalized transmission spectra of a device based on the structure of figure 31 for different values of the applied reverse bias. The oscillations observed in the high-transmission portion of these traces are due to thin-film interference effects. The exciton absorption peak is centered at a photon energy of about 3.51 eV in this sample. The resulting transmission dip is barely noticeable under zero or low applied bias, due to the weak overlap of the electron and hole wavefunctions caused by the intrinsic electric fields, and then becomes more and more pronounced as the voltage is increased, as expected. Near the excitonic resonance, the device modulation depth M is therefore negative. Its absolute value increases with increasing applied voltage up to a bias of about 15 V, after which the device performance becomes once again limited by electrical leakage, as confirmed by the electrical characteristics shown in the inset of figure 32(a) . When the applied voltage is 12 V, the magnitude of M has a maximum value of about 34%, which is slightly larger than the value obtained with the same bias in the bulk devices of figure 28 .
In figure 32 (b) we plot the differential absorption spectra, Δα, versus photon energy, obtained from the traces of figure 32(a) using equation (9.1). For the thickness d of the absorbing layer here we use the sum of the well-layer thicknesses only (0.2 µm), since the electron and hole wavefunctions in these QWs are strongly localized inside the wells (particularly because of their triangular potential-energy profiles). A maximum absorption change of over 2 × 10 4 cm −1 is observed in this figure. This value compares favorably with that of typical infrared electroabsorption modulators for similar bias voltages [264] , which highlights the promise of the present devices for practical applications. In this respect, optical modulators based on nitride semiconductors therefore benefit from the very large near-band-edge absorption coefficients that are typical of these materials [274] .
At the same time, the photon energy of maximum absorption change in figure 32(b) is found to undergo a small blueshift of about 10 meV as the applied voltage is increased from 0 to 15 V, reflecting the occurrence of a comparable shift in the excitonic resonance. These results are similar to those reported in [268] , where a theoretical study was then presented indicating that a larger blueshift is in principle expected. The likely source of this discrepancy is the presence of significant population of background carriers in the QWs, which in turn can be attributed to unintentionally Differential absorption spectra derived from the traces of (a) [271] . Reprinted with permission from [271] . Copyright (2011), AIP Publishing LLC. [271] . Reprinted with permission from [271] . Copyright (2011), AIP Publishing LLC.
incorporated oxygen donor impurities in the AlGaN barriers [197] . At low bias, these carriers occupy the QW bound states leading to substantial screening of the internal electric fields in the well layers. As the reverse bias is increased, the QWs become increasingly depopulated due to thermionic emission and tunneling through the barriers downstream (which become more and more tilted in the presence of the external field). Correspondingly, the internal fields in the wells layers are no longer screened causing a redshift in the band edge, which partly counteracts the blueshift produced by the applied field [268] .
The key conclusion of the present study is that, when similar active-layer thicknesses and device geometries are employed, electroabsorption modulators based on bulk nitride films can provide similar performance levels to those of GaN/ AlGaN QW devices. This should be compared to the case of arsenide, phosphide, or antimonide semiconductors, where the electroabsorption effect in QWs is an order-of-magnitude stronger than in the bulk [264] . The key distinctive property of nitride compounds in this respect is provided by their very large exciton binding energies, which are comparable to the thermal energy k B T at room temperature. As a result, strong excitonic effects are observed in these materials even at room temperature, which is desirable for efficient electroabsorption.
It should be noted that the presence of quantum confinement in QWs is still in principle advantageous, because it can further strengthen the exciton binding. However, the performance of the nitride QW modulators presented in this work is also likely limited by a number of other related factors. First, the bias-dependent screening of the internal polarization fields described in the previous section effectively limits the net Stark shift and related modulation of the absorption edge induced by the applied bias. Second, excitonic absorption features in QWs can experience additional broadening due to thickness fluctuations and interface roughness scattering. While this is a general concern, it may be particularly important in nitride QWs, where relatively small layer widths are typically used to avoid excessive separation of the electron and hole wavefunctions due to the internal electric fields. As a general rule, the narrower a QW the more sensitive its bound states are to interface fluctuations. Finally, the internal electric fields also fundamentally limit the exciton binding strength, because either the electron-hole wavefunction overlap is significantly reduced (near zero applied voltage), or the excitons can be effectively dissociated via thermionic emission and tunneling (under reverse bias), or both (under forward bias).
In summary the results presented in here clearly indicate that high-performance UV optical modulators can be developed using nitride films and QWs. As already mentioned, our measured absorption changes near the exciton resonance compare favorably with those of typical infrared modulators. Correspondingly, if the nitride active layers of these devices were incorporated in planar dielectric waveguides, order-ofmagnitude changes in transmission could be achieved with reasonably low applied voltages of order 1 V. The same materials are also suitable to integration in asymmetric FabryPerot cavities, which would allow further increasing the modulation depth and reducing the drive voltage [275] .
Intersubband transitions in AlGaN quantum wells
Basic device physics
In recent years, significant research efforts have also been devoted to the study of the basic physics and device applications of intersubband (ISB) transitions in MBE-grown GaN/AlGaN QWs. These transitions involve quantized electronic states derived from the same energy band (typically the conduction band), and feature many desirable properties for optoelectronic device applications [276] . Most notably, the ISB transition wavelength can be tuned by design over a broad range independent of the bandgap energy of the underlying materials. ISB transitions also generally feature very large oscillator strengths, and therefore large absorption or gain coefficients and giant optical nonlinearities. Furthermore, the nonradiative ISB relaxation lifetimes are typically ultrafast (sub-picosecond) due to LO-phonon emission processes, which is particularly desirable for all-optical switching applications. As a result of these favorable properties, ISB transitions have enabled the realization of several high-performance devices such as quantum-well infrared photodetectors (QWIPs) and quantum cascade (QC) lasers operating at mid-and far-infrared wavelengths [276] . At present, ISB devices are mostly based on GaAs/AlGaAs or GaInAs/ AlInAs QWs, whose material and device technologies are particularly mature. At the same time, GaN/AlGaN QWs provide a promising new materials platform that may allow extending the spectral reach and functionality of these devices. Their potential advantages are mainly related to two basic material properties, namely their large conduction-band offsets ΔE c and large LO-phonon energies hν LO .
The former parameter determines the energy range over which a quantum structure can support confined states derived from the conduction band, and therefore it provides a fundamental limit to the short-wavelength end of the accessible spectral region for ISB transitions. In As-based heterostructures ΔE c is typically less than 0.5 eV, and as a result ISB devices based on these materials are only suitable in practice to operation at wavelengths longer than about 3 µm. In GaN/AlGaN QWs ΔE c can be as large as 1.75 eV, and therefore these heterostructures can accommodate ISB transitions at record short wavelengths throughout the mid-infrared and well into the near-infrared spectral region, including the low-loss transmission window of optical fibers. As a result, GaN/AlGaN QWs could be used to bridge the existing gap at short-wave infrared wavelengths between high-performance interband and ISB devices. Furthermore, they allow taking advantage of the unique properties of ISB transitions for device applications in fiber optics, such as ultrafast all-optical switching.
At the same time, the large LO-phonon energies of nitride semiconductors are particularly attractive for the development of THz light sources [277] [278] [279] [280] . Existing QC lasers based on GaAs/AlGaAs QWs have rapidly become the leading laser technology for the THz spectral range [281] . However, their operation fundamentally requires cryogenic cooling, with maximum reported temperatures below 200 K [282] . Furthermore, they can only provide incomplete coverage of the THz spectral range. Both of these limitations are intrinsic, as they are related to the presence in (Al)GaAs of optical phonon modes with THz frequencies (e.g. ν LO ≈ 8.5 THz in GaAs). The excitation of these vibrational modes provides both a prohibitively large absorption mechanism for light at nearby frequencies (reststrahlen absorption) and an ultrafast nonradiative decay mechanism between laser subbands separated by THz-range energies. As a result, GaAs-based devices are completely precluded from operation at frequencies within and immediately around the ~8-9 THz GaAs reststrahlen band. GaAs/AlGaAs QC lasers emitting at lower frequencies can be realized, but are limited to operation at cryogenic temper atures due to the process of thermally activated LO-phonon emission.
This nonradiative decay mechanism is illustrated schematically in figure 33 , where the traces labeled |u〉 and |l〉 denote the upper and lower laser subbands of a generic THz QC structure emitting at a frequency ν below the LO-phonon frequency ν LO . At cryogenic temperatures, a large population inversion can be established in this structure, since the majority of electrons in |u〉 occupy states near the bottom of the subband, from which they cannot decay nonradiatively into |l〉 via LO-phonon emission because of the requirement of energy conservation. As the temperature is increased, however, more and more electrons in |u〉 gain enough thermal energy that scattering into |l〉 via LO-phonon emission becomes allowed. Since these scattering processes are ultrafast, the end result is a dramatic reduction in the device population inversion and optical gain. It follows from this argument that the smaller the LO-phonon energy of the QW material, the more effectively the population inversion is degraded with increasing temperature, and vice versa.
As a result, significantly improved THz spectral coverage and high-temperature performance can in principle be obtained with QC lasers based on GaN, where hν LO ≈ 91 meV versus 36 meV in GaAs. The latter expectation was quantified in a rigorous Monte Carlo study [279, 280] , where two otherwise identical QC structures consisting of GaN/ AlGaN and GaAs/AlGaAs QWs were designed, and their population inversion at the optimal bias point was computed as a function of temperature. From the simulation results, the maximum operating temperatures of the GaAs and GaN devices were estimated to be approximately 200 K (close to the exper imental state-of-the-art [282] ) and well over room temperature, respectively. These results suggest that nitride ISB devices have the potential for a revolutionary impact in the field of THz photonics, which has so far been hampered by the lack of practical sources that can operate without cryogenic cooling. On the other hand, the growth and experimental demonstration of GaN/AlGaN THz QC structures remain a considerable challenge, particularly with regard to obtaining efficient tunneling-based electrical injection into the upper laser subbands.
Infrared device applications
Initial efforts in the study of ISB transitions in nitride semiconductors have focused on measuring the infrared transmission spectra of various GaN/Al(Ga)N n-doped multiple-QW samples [283] [284] [285] [286] [287] [288] . Pronounced ISB absorption peaks were reported in these studies, centered at near-infrared wavelengths that could not be accessed using As-based materials. Roomtemperature optically pumped ISB light emission has also been demonstrated with similar samples, as reported in [289] and [290] . The latter work is summarized in figures 34(a) and (b), where we show a cross-sectional transmission electron microscopy (TEM) image of the multiple-QW sample and a measured emission spectrum, respectively. The GaN/AlN QWs in this structure were designed to support at least three bound subbands, as shown in the calculated conduction-band diagram plotted in the inset of figure 34(b) . To demonstrate light emission, a pulsed tunable optical parametric oscillator (OPO) was used to resonantly pump electrons from the ground-state subband |1〉 to the second-excited subband |3〉 of each QW, followed by radiative relaxation into the first-excited subband |2〉. It should be noted that the |1〉 → |3〉 ISB transitions are only allowed because of the strong built-in electric fields of these QWs, which partially break the symmetry of the bound-state envelope functions. As shown in figure 34(b) , the measured luminescence spectra are peaked near 2.05 µm, which is the shortest ISB emission wavelength reported with any QW materials system. These results therefore confirm the promise of nitride semiconductors to extend the spectral reach of ISB devices (including ultimately light sources) to record short wavelengths.
A particularly important device application of near-infrared ISB transitions is all-optical switching at fiber-optic communication wavelengths. This functionality is widely regarded as a key ingredient of future ultra-broadband communication networks, which would enable the processing of information directly in the optical domain. While various technologies have been investigated for this purpose, ISB transitions are ideal candidates due to their intrinsically ultrafast relaxation lifetimes and large optical nonlinearities. In its simplest form, an ISB all-optical switch can be implemented using QWs embedded within an optical waveguide and designed to provide ISB absorption at the data-transmission wavelength (1.55 µm in most broadband fiber-optic communication networks). Signal pulses carrying information at this wavelength are therefore strongly attenuated as they propagate through the waveguide, unless a strong control pulse at comparable wavelength is also simultaneously injected, in which case the ISB absorption is temporarily saturated and the signal transmittance increases. These devices have been developed based on GaN/AlN QWs and used to demonstrate all-optical switching with ultrafast response times [291, 292] . As an illustration, in figure 35 we show the measured signal transmittance through such a device as a function of signal-control delay time, for different values of the input control-pulse energy [293] . The waveguide used in this work is illustrated schematically in the inset of the figure: its active layer consists of 30 GaN/AlN QWs with ISB absorption spectrum peaked near 1.55 µm, sandwiched between an AlN template layer and a GaN cap layer which is then etched to form a ridge. As clearly shown in the figure, the control pulses can produce a large instantaneous increase in signal transmittance, which only lasts for a time interval on the order of a few hundred femtoseconds. Therefore, these devices can perform all-optical switching at ultrafast bit rates of several hundred Gbit/sec.
Other device functionalities that have been reported based on near-and mid-infrared ISB transitions in GaN/Al(Ga)N QWs include photodetection [294] [295] [296] [297] [298] , electro-optic modulation [299, 300] , and electroluminescence [301, 302] . IIInitride ISB light detection has been demonstrated with QWIPs [294] [295] [296] as well as QC photodetectors [297, 298] . The latter devices are photovoltaic detectors where light is absorbed via ISB transitions between two QW bound states, followed by sequential tunneling transport from one active-layer repeat unit to the next through a suitably designed injector. Their demonstration with nitride QWs is therefore especially important as the first example of a device functionality based on QC structures with this materials system. High-speed operation at near-infrared wavelengths near 1.55 µm has also been reported with these devices [298] , as well as with GaN/AlN QWIPs [296] , again consistent with the ultrafast nature of ISB transitions. Another more recent milestone is the demonstration of mid-infrared electroluminescence in GaN/AlGaN QC structures, at wavelengths near 5 µm in excellent agreement with simulations [302] . This work also highlighted the dominant role played by interface roughness scattering in III-nitride QWs, and the importance to include the resulting effective interface grading in the QC design.
Terahertz device applications
THz technologies have important applications in security screening, biomedical sensing, industrial quality control, and spectroscopic imaging. However, their widespread emergence has so far been limited by the lack of suitable devices, most notably efficient solid-state sources. As discussed in [293] . Reproduced with permission from [293] . © (2010) COPYRIGHT SPIE-The International Society for Optical Engineering. section 10.1, III-nitride ISB devices can operate across the entire THz spectrum, including frequencies that are fundamentally inaccessible to their arsenide counterparts due to reststrahlen absorption. Furthermore, GaN THz QC lasers could potentially reach room-temperature operation, unlike existing GaAs devices which are intrinsically limited to cryogenic temper atures. Motivated by these considerations, substantial research efforts have been devoted in recent years to the study of THz ISB transitions in GaN/AlGaN QWs via absorption spectr oscopy measurements [303] [304] [305] [306] . The initial demonstrations of THz ISB photodetection [307, 308] and electroluminescence [309] have also been reported.
From a design perspective, an important challenge in this context is provided by the strong spontaneous and piezoelectric fields that exist in QWs grown along the c direction. As described in section 4, these internal fields produce a trapezoidal conduction-and valence-band lineup which tends to blue-shift the ISB transition energies, and therefore can significantly complicate the development of long-wavelength ISB devices. In addition, in wide QWs designed for THz-range ISB transitions, the first-excited states necessarily fall within the triangular portion of the band lineup, well below the top of the barriers. As a result, carrier extraction from these subbands into the overlaying continuum of unbound states (as needed to produce the photocurrent in QWIPs) becomes extremely difficult. For the same reason, interwell tunneling transport among the lower-energy states of these QWs (which forms the basis of QC laser operation) is equally problematic.
To address this design challenge, initial work has focused on the development of step-QW structures [303, 305] , where two or more layers of different (Al)GaN compositions are used in each well to create a more rectangular potential energy profile. In [307] , a QWIP operating near 13 THz was demonstrated based on a variation of this approach, where two different AlGaN layers are also used in each barrier to allow for a bound-to-quasi-bound QWIP design (i.e. with the firstexcited subbands nearly resonant to the top of the barriers). A photocurrent spectrum measured with this device near 20 K is shown in figure 36(a) , together with the conduction-band diagram of the active QWs under bias. The peak responsivity was estimated to be 7 mA W −1 , which is reasonable for THz QWIPs [310, 311] . However, a potential drawback of these step-QW structures is the presence of additional heterointerfaces in each QW period, which makes the bound states especially vulnerable to interface roughness scattering. As a result, extremely fast ISB decay lifetimes and proportionally large spectral broadening are produced.
An alternative approach to address the same design challenge is the use of QWs grown along semi-polar (or nonpolar) crystallographic directions, where the undesirable internal electric fields are significantly reduced (or completely eliminated). This approach is now being widely investigated, as allowed by the development and commercialization of highquality semi-polar and nonpolar free-standing GaN substrates. Nonpolar m-plane or a-plane III-nitride QWs have already been used for the measurement of THz ISB absorption [304, 306] , as well as the investigation of mid-infrared ISB transitions [312] [313] [314] [315] . Figure 36(b) shows the low-temperature responsivity spectrum (peaked at about 10 THz) and conduction-band diagram of a GaN/Al 0.06 Ga 0.94 N QWIP grown on a semi-polar (2 021) GaN substrate [308] . In these QWs the internal electric fields are an order of magnitude smaller than in identical heterostructures grown along the c direction, so that a fairly rectangular QW potential-energy profile is obtained under zero-bias conditions. Compared to the step-QW device of figure 36(a) , a much narrower linewidth is obtained with this semi-polar QWIP (16.1 meV versus 38.3 meV full width at half maximum), indicative of reduced scattering from interface roughness and other defects and/or improved uniformity of the active QWs. It should also be noted that the spectra of both QWIPs overlap the reststrahlen band of GaAs (~33 to 37 meV), clearly illustrating the ability of GaN devices to cover this frequency range that has so far been inaccessible to ISB optoelectronics.
The other key ingredient for the further development of IIInitride THz ISB devices (especially QC lasers) is the ability to obtain efficient tunneling transport. In the past several years, this transport mode has also been extensively studied, particularly in the context of GaN/Al(Ga)N double-barrier structures [316] [317] [318] [319] [320] . In the initial reports, the measured electrical characteristics were found to suffer from strong hysteresis and to rapidly degrade upon repeated voltage scans-a behavior that was generally attributed to filling of traps related to threading dislocations. More recently, however, stable and repeatable negative differential resistance due to resonant tunneling has been demonstrated through concerted efforts aimed at minimizing the formation of strain-induced defects [318] [319] [320] . Sequential tunneling transport in simple GaN/ AlGaN QC structures has also been investigated through the measurement of highly nonlinear electrical characteristics, with the experimental turn-on voltages well reproduced by simulation results [321] . In the same report, a weak electroluminescence peak near 10 THz was presented, consistent with a picture of photon-assisted tunneling (i.e. interwell ISB light emission) in the active QWs. Significantly stronger emission at 1.4 THz with a linewidth as small as 0.134 THz was measured in a different QC structure in [309] and explicitly attributed to ISB transitions (albeit not the intended radiative transitions in the active layer design). We believe that the overall progress reviewed in this section, while still rather early-stage, is quite encouraging for the prospects of the future demonstration of III-nitride THz QC lasers.
Recent developments
GaN substrates
As discussed in the previous sections the majority of the optoelectronic devices based on III-nitride semiconductors were grown heteroepitaxially on foreign substrates such as (0 0 0 1) sapphire and SiC. In the past several years significant progress has been made to form bulk GaN substrates. An excellent review on the topic was presented by Amano [322] . One method includes the growth of thick GaN films by the HVPE method on foreign substrates (sapphire, GaAs, LiGaO 3 , SiC and Si) and then separating them from the substrate to produce a freestanding wafer. A number of techniques have been developed for the separation of GaN from the substrate. The laser liftoff technique, has been used to separate GaN from sapphire [323] . The void-assisted separation method facilitated by the deposition on the substrate a TiN interlayer is an alternative approach [324] . Our group developed the method of self-separation during cooling from the growth temperature due to the different thermal expansion coefficient of GaN and the sapphire substrate [325] . Such quasi-GaN substrates became commercially available by a number of vendors in the past several years with dislocation density of about 5 × 10 6 cm −2 . An alternative approach to forming free standing GaN substrates is the high pressure solution growth method [326, 327] . In this method single crystals of GaN are produced by spontaneous nucleation with very low defect density (dislocation density ~10 2 cm −2 ). The produced wafers by this method were generally small (~1 cm 2 ). By increasing the pressure further Inoue et al [328] reported the growth of free standing GaN substrates with a size about 2.5 cm. The major problem with this method is that it requires very high pressures (~20 000 atm.)
In recent years significant progress has also been made in the development of free standing GaN substrates by the ammonothermal method. This method, which was first proposed by Dwilinski et al [329, 330] , is based on solvothermal synthesis like the method used to synthesize quartz. Specifically supercritical NH 3 is used as a solvent for Ga and the solubility of GaN is increased by using a mineralizer to deposit GaN. The reaction takes place at about 400-500 °C and 2000-3000 atm. GaN substrates up to 2-in in diameter produced by this method are commercially available with dislocation density <10 5 cm −2
. As important the curvature radius of the substrate is 1000 m or larger, while that of HVPE grown GaN substrates is 2-30 m [322] . Non-polar m-plane and semipolar (2 0 −2 1) GaN substrates, made by this method, are also commercially available.
LEDs on GaN substrates
As discussed in section 6 all commercially available LEDs until now are grown heteroepitaxially on foreign substrate such as sapphire and silicon carbide. The high concentration of defects due to lattice mismatch between substrate and epitaxial film is in general undesirable since it limits the internal quantum efficiency (IQE) and reliability of the device. Another key limitation to the efficiency of GaN-based LEDs is the 'efficiency droop'. For the best commercial LEDs, the IQE peaks at a current density of a few A cm −2 , but is reduced by about 25% at high current density of 100 A cm −2 . The recent availability of free standing GaN substrates presented the opportunity of developing the second generation LEDs grown homoepitaxially on such substrates. In a series of papers researchers at Soraa Corp [331] [332] [333] [334] [335] . have reported GaN based LED on GaN substrates with a record power conversion efficiency of 84% at 85 °C. Furthermore, the efficiency remains high at high current density, owing to low current-induced droop and low series resistance. These types of devices have now become commercially available.
LEDs on non-polar and semipolar GaN substrates
The commercially available InGaN/GaN based LEDs are currently grown along the polar c-axis direction of the wurtzite crystal, and thus, their IQE is reduced due to internal fields associated with the spontaneous and piezoelectric polarization [127] . This is one of the sources of the observed reduction in IQE of the green LEDs, since they require higher InN mole fraction in the wells. An alternative approach is to develop such devices on nonpolar or semipolar GaN substrates, which recently became commercially available. An excellent review addressing both material and device issues of non-polar and semipolar Group-III nitride has been published by Speck and Chichibu [336] .
InGaN-based light-emitting diodes (LEDs) grown on semipolar orientations of GaN are an attractive alternative to conventional c-plane devices for long-wavelength emission due to reduced internal electric fields. The polarized emission from such devices may also enable high-efficiency color displays and optically tuned white light [337] . However, semipolar LEDs have yet to displace conventional c-plane LEDs [338] . This is largely due to the limited size and high cost of bulk semipolar substrates, as well as materials challenges such as the formation of misfit dislocations and basal-plane stacking faults [339] . On the other hand, as discussed in section 7, high power green lasers have produced on semipolar GaN substrates [221, 222, 226] .
LEDs on silicon substrates
Significant research effort over the past 20 years has also been dedicated in the development of GaN-based LEDs on silicon substrates [340] [341] [342] [343] [344] [345] [346] [347] [348] [349] [350] . The fundamental issue of developing GaN based LEDs on Si is cracking due to the large thermal mismatch between GaN and Si. Various approaches have been used to reduce the thermal stress. This include the insertion of low-temperature AlN interlayers, introducing multiple AlGaN/GaN interlayers, and growing on pre-patterned substrates. Using such approaches growth of crack-free GaN based LEDs on pre-patterned Si (1 1 1) has been demonstrated with reasonable performance [345, 346] . In more recent times UV lasers based on III-nitride nanowires on Si (1 1 1) have been demonstrated [351, 352] .
